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AVANT PROPOS 
 
 
Les recherches médicales se tournent de plus en plus vers de nouvelles thérapies, notamment le 
génie génétique, technique porteuse d’espoir. Il s’agit d’introduire des gènes sains dans les 
cellules malades, permettant alors de produire in situ la protéine manquante ou une autre protéine 
thérapeutique.  
Actuellement, les travaux se concentrent sur le développement de vecteurs géniques efficaces et 
particulièrement, sur l’utilisation de méthodes physiques pour le transfert de gènes. Depuis une 
dizaine d’années, une nouvelle approche est explorée: la sonoporation, qui consiste en 
l’utilisation des ultrasons pour le transfert de gènes.  
Ce travail de Doctorat a été réalisé dans le laboratoire Bracco Research SA à Genève, spécialisé 
dans le développement d’agents de contraste échographiques (microbulles). Il a été démontré que 
la présence de microbulles à proximité des cellules à transfecter améliorait considérablement 
l’efficacité de la sonoporation. De ce fait, j’ai pu mettre à profit le savoir-faire de Bracco afin de 
développer une technique présentant un réel intérêt thérapeutique.  
 
Les mécanismes de la sonoporation ne sont pas encore bien connus. Une meilleure 
compréhension de cette technique semble indispensable avant que la sonoporation soit applicable 
à l’homme. C’est dans cette optique que se sont déroulés ces travaux de recherche.  
Ce manuscrit est composé de six chapitres. Tout d’abord, après une introduction décrivant les 
principes et les avantages de la sonoporation, une revue de la littérature sur les techniques 
physiques utilisées pour le transfert de gènes est exposée. Le troisième chapitre est composé de 
deux études sur les mécanismes in vitro de la sonoporation: la cinétique d’internalisation du 
plasmide et d’expression du transgène, et la perméabilisation de la membrane plasmique induite 
par les ultrasons. Ensuite, des travaux sur la formulation des agents de contraste ont été menés: 
l’influence des adjuvants, puis l’effet des propriétés physico-chimiques des agents de contraste 
sur l’efficacité de transfection ont été étudiés. Après, nous avons mis au point un modèle in vivo, 
afin de voir si les résultats obtenus in vitro étaient applicables sur l’animal, ce qui est décrit dans 
le cinquième chapitre. Enfin, un résumé de ce travail et une conclusion générale clorent ce 
manuscrit.  
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INTRODUCTION 
 
 
Avec les découvertes récentes en biologie moléculaire et la connaissance du génome humain, la thérapie génique 
pourrait devenir une méthode de référence pour traiter de nombreuses maladies, dont les maladies génétiques.  
Au lieu d'introduire un agent pharmacologique classique (médicament), le principe de la thérapie génique est 
d'apporter un gène, c'est-à-dire une séquence d'ADN qui code pour une protéine, qui elle, constitue l'agent 
thérapeutique. En d'autres termes, au lieu d'apporter le produit fini, la thérapie génique consiste à le faire fabriquer 
sur place. Pour cela, il faut que le gène thérapeutique pénètre dans le noyau de la cellule, afin d’être transcrit puis 
traduit en protéine.  
Alors que les premières expériences de transfert de gène ont eu lieu dans les années 70, le premier succès partiel de 
la thérapie génique a été rapporté dix ans plus tard, chez une fillette de 4 ans atteinte de déficit immunitaire en ADA 
(adénosine déaminase), par l’équipe du Professeur Michael Blaese à Bethesda aux Etats-Unis. Finalement, c’est en 
2000 que le premier véritable succès de la thérapie génique a été obtenu chez deux nourrissons atteints d’un déficit 
immunitaire combiné sévère lié au chromosome X par le Professeur Alain Fischer et Marianne Cavazzana-Calvo à 
l’hôpital Necker-Enfants Malades de Paris. A l’heure actuelle, beaucoup d’études sont encore nécessaires avant que 
la thérapie génique ne soit utilisée en routine.  
 
 
1 Domaines d’application de la 
thérapie génique 
L'utilisation à l'origine de la thérapie génique visait 
surtout à corriger les maladies héréditaires 
monogéniques, telles l'hémophilie pour laquelle la 
thérapie génique n’apporterait pas de guérison mais une 
nette amélioration du patient, en permettant de réduire 
la fréquence des perfusions par exemple; ou la 
mucoviscidose, un cas où la thérapie génique a atteint 
un niveau de recherche avancé.  
Les applications théoriques de la thérapie génique au 
sens large sont extrêmement nombreuses. Puisque les 
gènes sont à l'origine des protéines et que les anomalies 
des protéines sont à l'origine de diverses maladies, le 
champ d'application paraît illimité. Aujourd’hui, plus de 
1000 essais cliniques ont été réalisés ou sont en cours 
dans le monde, les deux tiers représentant des études sur 
le traitement des cancers 
(www.wiley.co.uk/genmed/clinical/). Dans ce cas, 
plusieurs approches peuvent être utilisées. Tout d’abord, 
on peut utiliser un gène "suicide" (par exemple, le gène 
qui code pour la thymidine kinase, HSVtk) qui rend la 
cellule vulnérable à un agent pharmacologique comme 
le ganciclovir. Une autre stratégie, fondée sur la 
connaissance des altérations génétiques de la cellule 
tumorale, consiste à corriger cette anomalie en 
introduisant le gène suppresseur de tumeur qui a été 
perdu dans la cellule tumorale. Certains gènes, utilisés 
en thérapie génique, codent pour des protéines qui 
stimulent les défenses immunitaires anti-tumorales 
(immunothérapie par transfert de gène). Il peut s'agir de 
gènes qui, exprimés par la cellule tumorale, la rende 
plus reconnaissable (plus immunogène) par le système 
immunitaire ou de gènes qui, exprimés par les cellules 
du système immunitaire vont rendre ces dernières "plus 
efficaces". D'autres gènes ont pour objectif de bloquer le 
développement de la vascularisation nécessaire à la 
croissance de la tumeur. Jusqu'à ce jour la grande 
majorité des essais cliniques ont concerné l'approche par 
gène suicide HSVtk/ganciclovir. Plusieurs patients ont 
déjà été traités par cette stratégie mais la méthode n'a 
pas encore prouvé son efficacité et il reste encore des 
progrès à réaliser notamment sur l'efficacité du transfert 
du gène dans la cellule tumorale. 
On pourrait également par thérapie génique rendre des 
cellules cibles de virus résistantes à ces virus ou 
productrices de protéines antivirales. On peut citer le 
cas du virus du SIDA où l'on envisage de bloquer soit la 
pénétration du virus dans la cellule soit les étapes qui 
conduisent à la multiplication du virus. Plusieurs projets 
sont en cours, par exemple celui de faire synthétiser des 
interferons (IFN) humains en asservissant cette synthèse 
à la présence du virus.  
Le domaine cardiovasculaire est également largement 
exploité. Par exemple, les patients souffrant d’ischémie 
des membres inférieurs peuvent être traités. Dans ce cas, 
on va amener l'organisme à régénérer le réseau sanguin 
en introduisant le gène Vascular Endothelium Growth 
Factor (VEGF), dirigeant ainsi la synthèse d'un facteur 
de croissance des vaisseaux capillaires. Les recherches 
sont aussi focalisées sur le traitement des 
hypercholestérolémies familiales et de l’insuffisance 
cardiaque.  
 
Comme on vient de le voir, la thérapie génique a un 
grand potentiel pour traiter de nombreuses pathologies. 
Cependant, beaucoup de progrès restent à faire quant à 
l’efficacité du transfert de gène, et l'essentiel des 
recherches actuelles porte sur l'élaboration de vecteurs 
efficaces et sûrs.  
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2 Différentes approches pour le 
transfert de gènes 
Pour être efficace, la libération du gène doit se faire le 
plus précisément possible dans un maximum de cellules 
malades. Une fois le gène responsable de la maladie 
identifié, il reste encore à le faire parvenir au site désiré. 
Pour cette raison, des vecteurs ou des méthodes 
spécifiques sont nécessaires. Ces vecteurs doivent être 
efficaces, non toxiques, et présenter une bonne aptitude 
au ciblage pour que la thérapie génique soit réellement 
applicable à l’homme.  
Les stratégies sont multiples et différentes approches 
sont envisagées: les vecteurs viraux, les vecteurs 
synthétiques, et plus récemment, les techniques 
« physiques ».  
2.1 Vecteur viraux 
Les vecteurs viraux utilisent leur capacité naturelle des 
virus à pénétrer les cellules et à transférer dans le noyau 
leur matériel génétique. Ces vecteurs – dits 
recombinants - sont inactivés en remplaçant des gènes 
codant pour des protéines virales par des gènes 
thérapeutiques. Les rétrovirus et les adénovirus sont les 
plus utilisés. Ils ont l’avantage d’être efficaces mais 
provoquent des effets indésirables comme toxicité 
virale, réaction immunitaire et sont difficiles à préparer 
[1,2].  
2.2 Vecteurs synthétiques 
Les vecteurs synthétiques (ou chimiques) s’associent 
spontanément sur la base d’interactions électrostatiques 
à l’ADN que l’on veut transférer. Un complexe est alors 
formé entre l’ADN et des polycations (« polyplexes »), 
ou des lipides cationiques (« lipoplexes »), ou encore 
encapsuler dans des liposomes. Le mécanisme 
d’internalisation de ces complexes est principalement 
celui de l’endocytose [3,4]. Ces vecteurs sont 
particulièrement efficaces in vitro, peu toxiques, faciles 
à préparer à grande échelle, mais souffrent pour l’instant 
d’une faible efficacité in vivo, et sont peu spécifiques du 
tissu traité.  
2.3 Techniques physiques 
Les caractéristiques d’un vecteur idéal sont les 
suivantes: le gène doit être correctement libéré, c'est-à-
dire dans les cellules cibles et en quantité suffisante, son 
expression doit être nulle dans les cellules non visées et 
ne doit pas présenter de risque au patient. Actuellement, 
aucun système ne répond pleinement à ces critères et 
peu de méthodes sont facilement applicables in vivo. 
Dans cette optique, les recherches s’orientent 
actuellement sur l’utilisation de techniques physiques 
pour le transfert de gène. Les plus étudiées sont 
l’électroporation, le bombardement de particules, la 
sonoporation, et plus récemment, le transfert de gène 
par irradiation laser. Le principe fondamental de ces 
techniques est d’augmenter la perméabilité 
membranaire à l’aide d’une source physique extérieure: 
des électrodes pour l’électroporation, un « gene gun » 
pour la méthode balistique, une sonde ultrasonore pour 
la sonoporation et un faisceau laser dans le dernier cas.  
Le gène est probablement transféré dans la cellule cible 
par l’intermédiaire de trous formés temporairement dans 
la membrane plasmique. Ainsi, les méthodes physiques 
contournent les problèmes rencontrés avec les vecteurs 
synthétiques lors de l’endocytose et permettent un 
transfert direct des molécules d’ADN dans la cellule. En 
effet, les étapes de fusion avec la membrane plasmique 
et de migration intra-cytoplasmique sont évitées, 
éliminant  les  risques  de  dégradation par les enzymes  
 
 
Figure 1: Exemple de transfection à l’aide d’un vecteur synthétique. 
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lysosomiales. De ce fait, le transfert du gène est plus 
rapide et surtout moins dépendant du type cellulaire à 
transfecter. Par contre, le gène est généralement 
introduit nu dans le cytosol de la cellule et est donc 
sensible à l’attaque des DNases cytoplasmiques. 
Actuellement, peu d’études ont démontré le transfert des 
molécules d’ADN directement dans le noyau, excepté 
l’appareil « Nucleofector » qui permettrait une telle 
approche avec l’électroporation 
(www.amaxa.com/technology). Une perforation de la 
membrane nucléaire avec le laser a également été 
décrite [5].  
Les méthodes physiques présentent l’avantage d’utiliser 
une approche très différente pour faire rentrer le gène 
d’intérêt dans les cellules, en forçant les cellules ou les 
tissus à internaliser les molécules d’ADN, dans un 
espace restreint, c'est-à-dire, celui soumis à la force 
physique. Ceci résulte en une bonne aptitude au ciblage, 
comparé aux autres méthodes (vecteurs viraux et 
synthétiques).  
En resumé, les techniques physiques offrent des 
avantages par rapport aux techniques conventionnelles, 
principalement pour une application in vivo. Il existe 
donc un réel intérêt à développer de telles approches. 
Les études menées pour ce Doctorat étant effectuées 
dans le laboratoire Bracco Research à Genève, 
spécialiste dans le développement d’agents de contraste 
ultrasonores, elles ont porté sur la mise au point d’un 
système de transfert de gène par sonoporation, in vitro 
puis in vivo. Nous nous intéresserons donc 
particulièrement à cette technique, détaillée dans le 
paragraphe suivant.  
 
3 La sonoporation 
L’utilisation des ultrasons pour le diagnostic médical a 
énormément progressé ces dernières décennies et le 
développement de nouvelles technologies ainsi que 
l’apparition des agents de contraste ouvrent de 
nouvelles perspectives dans le domaine de « l’US 
thérapie ». Il a été démontré que les ultrasons 
augmentent la perméabilité membranaire, permettant le 
transfert de gène [6,7]. Ce phénomène est appelé 
sonoporation [8].  
Il est communément admis que le principal mécanisme 
de la sonoporation est étroitement lié avec le 
phénomène de cavitation acoustique [9]. La cavitation 
est une activité induite par l’insonification de cavités 
remplies de gaz. Dans certaines conditions, ces bulles de 
gaz collapsent, provoquant alors des microjets et des 
microcisaillements dans le milieu environnant. Ainsi, 
les cellules à proximité des bulles de gaz peuvent 
devenir transitoirement perméables aux macromolécules 
comme l’ADN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 : Principales étapes supposées de la sonoporation 
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Les agents de contraste ultrasonores rendent possible ou 
améliorent l’imagerie par ultrasons. Ce sont 
généralement des microbulles stabilisées par une 
enveloppe soluble et contenant un gaz. Ces particules 
permettent de réduire le seuil d’apparition de cavitation 
acoustique et rendent donc la sonoporation plus efficace 
[10,11]. En fait, sous l’effet des ultrasons, ces 
microbulles oscillent et dans certaines conditions, 
l’amplitude de ces oscillations croît jusqu’à ce qu’elles 
deviennent instables et collapsent soudainement à cause 
de l’inertie du fluide environnant. Albunex® 
(Mallinckrodt Medical, St. Louis, MO) (microbulles 
remplies d’air avec une enveloppe formée de 
macromolécules d’albumine dénaturée) a été le premier 
agent de contraste à être utilisé dans la sonoporation [8]. 
Aujourd’hui, les agents de contraste de deuxième 
génération, comme Option® (Mallinckrodt Medical, St. 
Louis, MO) sont plus employés car plus efficaces. En 
effet, ces nouvelles formulations sont plus stables et 
contiennent des gaz de moindre solubilité que l’air, 
comme le perfluorocarbone. D’autres paramètres de 
formulation, comme la nature de l’enveloppe de ces 
microparticules, pourraient aussi avoir un effet sur la 
sonoporation. Il serait intéressant d’imaginer des agents 
de contraste spécifiques à la sonoporation, permettant 
d’avoir les caractéristiques du vecteur idéal.  
Comme les autres techniques physiques, la sonoporation 
semble induire la formation de pores dans la membrane 
plasmique, permettant le transfert du matériel génétique 
dans la cellule [12,13]. Un compromis doit alors être 
trouvé entre des ouvertures ayant une taille suffisante 
pour laisser passer le transgène, mais pouvant se 
refermer rapidement afin de préserver l’intégrité de la 
cellule.  
 
De nombreux exemples sur l’utilisation des ultrasons en 
thérapie peuvent laisser penser à un système prometteur 
et révolutionnaire de ciblage et de libération de 
médicaments, une des applications les plus importantes 
de ce système étant la thérapie génique. Les ultrasons 
sont déjà largement utilisés pour des applications 
biomédicales. Ils sont donc bien connus et facilement 
maîtrisés et de nombreux rapports décrivent les bio-
effets des ultrasons en présence ou non d’agents de 
contraste [9,14].  
Cette méthode a les avantages d’une approche non-
invasive avec ciblage spécifique des tissus. Il est 
possible de focaliser les ultrasons de façon externe 
(sonde externe), à travers la peau, exactement comme 
pour un examen échographique. De plus, les ultrasons 
peuvent être focalisés sur tous les tissus accessibles avec 
les ultrasons, sans effets indésirables, notamment le 
muscle [12,15], le système vasculaire [16,17] et les 
tumeurs solides [18]. In vitro, plusieurs types cellulaires 
ont été transfectés avec succès [19], montrant le 
caractère « universel » de cette technique.  
Un autre avantage est que l’on peut potentiellement 
combiner thérapie et diagnostic. Des sondes 
diagnostiques [20,21] ou spécifiques à la sonoporation 
sont utilisées. Dans le premier cas, la sonoporation est 
très facile à réaliser : il suffit de pratiquer un examen 
échographique, afin de localiser le tissu à traiter, 
d’appliquer les réglages pour la sonoporation et de 
visualiser en temps réel la destruction des microbulles, 
en général, indicateur d’une sonoporation réussie. Dans 
le deuxième cas, les sondes utilisées sont faciles à 
mettre au point, puisqu’il s’agit de transducteurs 
focalisés ou non, qui peuvent être associés à un appareil 
diagnostic pour permettre une bonne visualisation de la 
zone traitée.  
L’utilisation des microbulles rend possible la protection 
des molécules d’ADN en les encapsulant dans les 
particules [22,21] ou en les greffant à leur surface [20]. 
Les agents de contraste servent alors de noyaux de 
cavitation et de vecteurs. Ainsi, le gène thérapeutique 
peut être administré par voie systémique et n’est libéré 
qu’au niveau des cellules cibles par la destruction des 
microbulles sous l’action des ultrasons. Actuellement, 
peu d’études illustrent une telle approche mais ce 
concept est en plein développement.  
 
Récemment, des résultats in vitro [8,23] et in vivo 
[12,15,24] ont démontré le potentiel de cette méthode. 
Cependant, peu d’études sur les mécanismes de la 
sonoporation sont décrites, ce qui limite les avancées 
dans ce domaine. En effet, comment les agents 
thérapeutiques sont-ils introduits dans les cellules? Est-
ce que la sonoporation permet de transférer les gènes 
directement dans le noyau? Quelle taille peuvent avoir 
ces molécules pour pénétrer efficacement dans les 
cellules sans l’endommager? Serait-il possible de 
concevoir des agents spécifiques pour promouvoir la 
sonoporation? Les résultats obtenus in vitro sont-ils 
transposables in vivo? Beaucoup de questions restent 
actuellement en suspens et le travail effectué pendant ce 
Doctorat tend à y répondre. Ainsi, les limites de la 
sonoporation pourront être soulevées, et surtout, des 
améliorations pourront être proposées.  
Notre stratégie a été de développer dans un premier 
temps, un modèle d’exposition in vitro, afin d’étudier 
les mécanismes de la sonoporation au niveau cellulaire, 
et d’évaluer l’efficacité de différents agents de 
contraste. Enfin, utiliser un modèle in vivo composé des 
mêmes cellules que celles utilisées in vitro (cellules de 
tumeur mammaire de rat) nous a permis de faire le 
parallèle entre ce qui se passe au niveau cellulaire et au 
niveau tissulaire, et d’apprécier la faisabilité de cette 
méthode sur l’animal.  
 
La sécurité et la pratique aisée de la sonoporation 
rendent cette technique particulièrement attractive, par 
rapport aux autres technologies alternatives, et justifie 
l’intérêt de développer une telle approche.  
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Abstract 
Polyethylene glycol (PEG) 4000 and Pluronics® F68 and F127, are biocompatible and injectable polymers, which 
are used as adjuvants in different contrast agent.  When present in the medium surrounding a cell suspension, and in 
the presence of a plasmid encoding for the green fluorescent protein (GFP), expression following sonoporation was 
increased by more than 1.5-fold compared to that achieved in control experiments.  The effects of the adjuvants 
were not influenced by the nature of the ultrasound contrast agent (UCA), not that of the transfected cells; in 
contrast, the adjuvant concentrations, their physicochemical properties (such as hydrophilic-lipophilic balance), and 
the manner in which they were used, did have an impact on gene delivery.  Close association of the adjuvants to the 
UCA microbubbles, or microcapsules, eliminated their action, suggesting that these substances must have access to 
the cell membrane to be effective.  Indeed, Pluronic® F127 appeared to improve sonoporation, as measured by both 
transfection and cell viability, via fluidization of the cell membrane, perhaps facilitating thereby the formation of 
transient pores and their re-sealing.  The mechanism of action of PEG, on the other hand, remains unclear. 
 
Keywords:  Sonoporation, ultrasound contrast agents, polymer adjuvants, membrane fluidization, cell viability. 
 
 
 
 
 
 
1 Introduction 
Ultrasound–mediated delivery of DNA (sonoporation) 
is a relatively new and promising method for gene 
therapy. Compared to viral and non-viral transfection 
techniques, sonoporation introduces the genetic material 
into cells or tissues with high spatial and temporal 
specificity and control, and with minimal toxicity. 
However, the approach is yet to realize its full potential 
for a number of reasons: first, the mechanisms involved 
in sonoporation are not completely understood; second, 
the technology is complex; and third, the manner in 
which a plasmid should be formulated with an 
ultrasound contrast agent (UCA), i.e., gas-filled 
microbubbles or microcapsules, has not been 
investigated in any detail whatsoever.  These issues 
clearly need to be addressed and, to a certain extent, 
resolved, before a safe, effective and practical treatment 
can be evolved.  This paper contributes to the further 
elucidation of the mechanism(s) of sonoporation, and 
focuses on the impact of the UCA formulation.  In 
particular, the effect of polymer adjuvants to the UCA 
on DNA transfection has been assessed under a range of 
experimental conditions (different cell types transfected, 
different adjuvants and UCA, and different incubation 
methods). 
 
2 Materials and Methods 
2.1 Cell culture 
Rat mammary carcinoma cells (MAT B III) were 
incubated at 37°C, in 225 cm2 tissue culture flasks in a 
solution of MacCoy’s 5A medium containing Glutamax 
(Life Technologie, Basel, Switzerland), and 
supplemented with 10% v/v foetal calf serum (FCS) and 
1% v/v antibiotics (initial concentration: 10,000 IU/ml 
Penicillin, 10,000 µg/ml Streptomycine, 25 µg/ml 
Fungizone) under a 5% CO2 atmosphere.  
Human embryonic kidney cells (293-H) were incubated 
at 37°C, 5% CO2 atmosphere in 75 cm2 tissue culture 
flasks in a DMEM medium supplemented with 10% 
FCS and 1% non-essential amino acids, under a 5% CO2 
atmosphere. 
2.2 Ultrasound exposure 
In a 3 ml polystyrene round-bottom tube, serving as 
ultrasound exposure chamber, 500 µl of cell suspension 
(106 cells/ml) were mixed with 5 µg of plasmid 
gWizTM-GFP (Aldevron, Fargo, ND, USA) encoding for 
the green fluorescent protein (GFP) and ultrasound 
contrast agent (UCA) consisting of 15x106 
microcapsules (i.e., a particle-to-cell ratio of 30 
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capsules/cell). The UCAs used were air-filled polymeric 
microparticles (BG1593 and BG1766, Bracco Research 
SA, Geneva, Switzerland). The tube was held in a 
mechanically rotating system and immersed in a water 
bath thermostated at 37°C. The distance between the 
tube and the ultrasound transducer was 7.6 cm 
(optimized for a maximum ultrasound exposure). MAT 
B III cells were insonified at a peak negative pressure of 
570 KPa for 10 seconds, using a focused transducer 
(Panametrics, Waltham, MA, USA) operating at a 
transmitted frequency of 2.25 MHz, a pulse repetition 
frequency of 100 Hz and a duty cycle of 20%. After 
ultrasound exposure, the suspension was supplemented 
with 2 ml of cell medium containing 10% of FCS and 
placed in a 12-well plate. The cells were incubated at 
37°C under a 5% CO2 atmosphere for 24 hours prior to 
the analysis.  
2.3 Assay of reporter gene 
GFP-positive cells were analyzed using flow cytometry 
(FACS Calibur, Becton Dickinson Biosciences, 
Allschwill, Switzerland). The cell suspension was 
placed in a 5 ml polystyrene round-bottom tube and 
washed twice in phosphate buffered saline (PBS). After 
the last wash, the pellet was re-suspended in 250-300 µl 
of PBS. Just before analysis, 20 µl of a 40 µg/ml 
propidium iodide (PI) solution (Sigma-Aldrich Chemie 
GmbH, Schnelldorf, Germany) was added to the sample 
to assess the cell viability. The results of the flow 
cytometry analyses were expressed as the percentage of 
cells positive to GFP with respect to the total number of 
cells treated by ultrasound, and in terms of fluorescence 
intensity, using the software CellQuest Pro (Becton 
Dickinson Biosciences, Allschwill, Switzerland). The 
percentage of positive cells was calculated for the entire 
sample, including dead cells. The fluorescence intensity 
was expressed in arbitrary units (AU) relative to an 
internal standard. 
2.4 Cell membrane fluidity 
Cell membrane fluidity was measured by fluorescence 
anisotropy of 1,6-diphenyl-1, 3, 5-hexanetriene (DPH) 
(Molecular Probes, Eugene, OR, USA) [1]. Briefly, 1 
ml of a 2 µM solution of DPH was introduced into the 
cell suspension . The mixture was stirred for one hour in 
the dark at room temperature. Exactly one hour prior to 
anisotropy measurement, a known volume of PEG or 
Pluronic® F127 solution was added to cell suspension 
(the final concentration of which was 0.5x106 cell/ml). 
Fluorescence intensities were measured using a 
Fluoromax-1 spectrophotometer (SPEX Industries, 
Stanmore, UK), equipped with a polarizer set. The 
fluorescence anisotropy r was calculated from the 
equation:  r = {IVV – GIVH}/{IVV + 2GIVH}, where IVV is 
the intensity of the components parallel to the original 
polarization, IVH is the intensity of the components 
perpendicular to the polarization and G is an instrument 
factor. The excitation wavelength for DPH was 358 nm 
and the fluorescence intensity was calculated by 
integrating the emission between 420 and 440 nm.  
2.5 Statistical analysis 
All the results are reported and displayed as mean ± 
standard deviation. Tests of significance were 
performed using a one-way analysis of variance 
(Minitab version 13.20, MINITAB Inc., Paris, France), 
with p<0.05 considered to be statistically significant. 
 
3 Results 
Commercially available contrast agents, such as 
Definity® (Bristol-Myers Squibb Canada, Inc., Saint-
Laurent, Quebec) and Byk963 (Byk Gulden Lomberg 
Pharmaceuticals, Clinical Pharmacology, Konstanz, 
Germany), are formulated with adjuvant: the former 
contains a pegylated phospholipid (DPPE-PEG 5000), 
while the latter has Pluronic® F68 introduced during the 
process of microbubble preparation. BR14 (Bracco 
Research SA, Geneva, Switzerland), which has already 
been tested in sonoporation experiments, is also 
prepared in a solution of PEG 4000. As these adjuvants 
are commonly used in pharmaceutical applications, for 
example to stabilize formulations, their potential to 
enhance ultrasound-mediated gene delivery and/or 
improve cell viability post-sonoporation, was 
considered a useful question to pursue.  
3.1 Effect of adjuvant on contrast agent 
formulation 
Air-filled BG 1766 microcapsules (Bracco Research 
SA) were used as control. Polyethylene glycol (PEG) 
4000, PF 68 or PF 127 were separately added to cell-
UCA suspensions at 0.05% w/v before ultrasound 
exposure. Figure 1 shows that the presence of all three 
polymers, when unassociated with the UCA (“free”) in 
the cell suspension, enhanced transfection efficiency as 
measured by the % of GFP-positive cells. However, 
when PF 127 was incorporated (“grafted”) into the UCA 
during its preparation, transfection was not different 
from the control value.  With respect to the fluorescence 
intensity observed, no differences were found between 
the formulations.  
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Figure 1: Effect of adjuvant (PEG 4000, Pluronic® F127, Pluronic® F68) on transfection efficiency (bars) and fluorescence intensity 
(▲), expressed in arbitrary units (AU), using BG1766 microcapsules. Sonoporation was performed at 2.25 MHz (P- = 570 KPa) in 
the presence of 30 capsules/cell. Control is a standard UCA (BG1593) without adjuvant. Statistical significance: * =  p < 0.05 versus 
“free”. 
 
3.2 Concentration and nature of adjuvant  
PEG has been extensively examined in biochemical and 
pharmaceutical applications, e.g., for membrane fusion 
[2], as a particle/membrane surface-modulating agent 
[3], and for membrane solubilization [4].  Pluronics® (or 
Poloxamers) are known to enhance the permeation of 
hydrophobic molecules, such as doxorubicin, across cell 
membranes, to increase membrane fluidity [5], and to 
facilitate gene transfer [6]. Equally, the action of both 
PEGs or Pluronics® depend (inter alia) upon their 
hydrophilic-lipophilic balance and their concentration 
[5]. Sonoporation experiments were therefore performed 
using different adjuvants at different concentrations.  
Thus, PEGs 4000 and 35000 and Pluronics® F68, 127 
and L61 were evaluated for their effect on plasmid 
transfection at two concentrations: 0.05 and 0.1% w/v. 
The results (Figure 2) showed that both PEGs 
significantly enhanced gene transfection, especially at 
the lower concentration; over 33% of transfected cells 
were positive to GFP in the presence of PEG 4000 and 
PEG 35000 compared to 26.2 ± 0.3% for the control. 
Increasing the adjuvant concentration to 0.1% w/v had 
no beneficial effect with PEG 35000 (Figure 2A). The 
Pluronics® behaviour was rather complex: Pluronic® 
L61 decreased transfection, while PF 68 and PF 127 
slightly improved gene transfer. In terms of the viability 
of sonoporated cells, the higher concentration (0.1%) of 
the adjuvants was generally more beneficial except for 
PL 61 (Figure 2B).  
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Figure 2: Effect of the nature and concentration of adjuvant on 
(A) percentage of GFP-positive cells and (B) cell viability. Two 
adjuvant concentrations were tested: 0.05% w/v (♦) and 0.1% 
w/v (□). Sonoporation was performed at 2.25 MHz (P- = 570 
KPa) in the presence of 30 capsules BG1593/cell. 
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Figure 3: Sonoporation of MAT B III (—▲—) and 293-H (- -□- -) 
cells in the presence of BG1766 (2.25 MHz at P- = 570 KPa, 30 
capsules/cell). Effect of Pluronic® L61 concentration on (A) 
percentage of GFP-positive cells, (B) cell viability, and (C) 
fluorescence intensity expressed in arbitrary units (AU). 
 
To examine more closely the impact of polymer 
concentration, a more detailed transfection experiment 
was performed on two cell types, MAT B III and 293-H 
cells, using Pluronic® L61 at levels ranging from 
0.0002% to 0.002% w/v. MAT B III are tumor cells, 
whereas 293-H are human embryonic kidney cells. The 
cells and the Pluronic® concentration range were chosen 
based upon previous results [1,5] which demonstrated 
that PL 61 increased membrane fluidity at very low 
concentrations (0.0002-0.002% w/v, or 1-10 µM). For 
both cell types, transfection rates were between about 
15% and 25%.  In the case of MAT B III cells, no 
differences from control were observed at any 
concentration of Pluronic® (Figure 3A). For 293-H 
cells, 0.001 and 0.002% w/v polymer produced a small 
but significant increase in the % of GFP-positive cells 
(p = 0.005 and 0.004 respectively).  Viability was 
relatively low (40-60%) for both cell types over the 
entire range of polymer concentrations examined 
(Figure 3B).  Similarly, fluorescence intensity was not 
affected by the level of polymer; however, it was noted 
that the fluorescence detected was 3-times higher in 
293-H cells than in MAT B III (Figure 3C).  
3.3 Timing of adjuvant administration 
To explore whether polymer adjuvants elicit their 
effects via an action on the plasmid (e.g., DNA 
stabilization) or on the cell membrane (e.g., 
fluidization), the manner in which PEG 4000 and 
Pluronic® F127 were added to a MAT B III cell 
suspension before ultrasound exposure, was varied: (i) 
the adjuvant, UCA, and then the DNA were separately 
added to the cell suspension and the mixture was 
immediately insonified (denoted as “no incubation”); 
(ii) adjuvant was first incubated with the DNA solution 
for 20 minutes, then mixed with the cell suspension 
containing the UCA and insonified (denoted as 
“incubation with DNA”); (iii) the adjuvant was first 
incubated with the cell suspension for 20 minutes, then 
mixed with DNA and UCA, and insonified (denoted as 
“incubation with cells”).  
The control experiment utilized the BG1766 UCA 
(Bracco Research) together with 10 µg/ml of DNA but 
without adjuvant. Figure 4 shows that the transfection 
efficiencies with “no incubation” and with “incubation 
with DNA” for both PEG 4000 and PF 127 were similar 
and significantly better than the control. Transfection 
efficiency was significantly improved when the 
adjuvant molecules were first incubated with the cells to 
be transfected, and an increase of about 5% of GFP-
positive cells was obtained. However, no significant 
differences were observed between the different 
preparations with respect to fluorescence intensity (data 
not shown).  
In all these experiments, adjuvant was introduced before 
insonification of the cells. Subsequently, the Pluronic® 
was added to the cells after sonoporation; three 
conditions were compared: (a) without adjuvant 
(control); (b) after 1 hour incubation of PF 127 with the 
cells before sonoporation; and (c) addition of polymer to 
the cells after ultrasound exposure.  
Figure 5 indicates that, when polymer was added 
immediately after ultrasound exposure, transfection rate 
was decreased 2-fold (p = 0.000) and cell viability, 
relative to the other conditions, was reduced from 
approximately  70 to 50%.  
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Figure 4: Effect of incubation of PEG 4000 (0.05% w/v) and Pluronic® F127 (PF 127 – 0.05% w/v) with the DNA or cells on 
transfection efficiency at 2.25 MHz (P- = 570 KPa; 30 capsules BG1766/cell). Control contained no adjuvant. Statistical significance: 
* =  p < 0.05 versus all others; ** = p < 0.05 versus control, no incubation, and incubation with DNA. 
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Figure 5: Transfection experiment in the presence of 0.05% w/v PF 127, under different incubation protocols (2.25 MHz, P- = 570 
KPa, 30 capsules BG1766/cell). GFP-positive cells (bars) and cell viability (♦) were assessed. Control contained no PF 127. 
 
 
3.4 Study of membrane fluidity of cells in the 
presence of adjuvants 
From the preceding findings, it was logical to next 
evaluate whether the improved transfection in the 
presence of PEG 4000 and PF 127 was directly related 
to membrane fluidization.  Transfection efficiency, cell 
viability and membrane fluidity were therefore 
evaluated as a function of the polymer concentration (0 
to 0.1% w/v). Cell membrane fluidity was measured by 
fluorescence polarization of 1,6-diphenyl-1, 3, 5-
hexanetriene (DPH) [1].  
Figure 6A shows that transfection efficiency (% GFP-
positive cells) in the presence of PF 127 was well-
correlated with measurements of (1/anisotropy). As the 
fluorescence anisotropy reflects the rigidity of the 
membrane, its reciprocal is logically an expression of 
membrane fluidity. Transfection rate and membrane 
fluidity increased in parallel with increasing polymer 
concentration before plateau-ing at 0.05% w/v. The 
overlap in behaviour between transfection and 
membrane disordering suggests that the mechanism 
involves bilayer fluidization. It should be noted, 
however, that no correlation was observed between 
anisotropy and fluorescence intensity (data not shown). 
Also, while the highest polymer concentration (0.1%) 
did not further improve gene transfection nor increase 
membrane fluidity (Figure 6A), cell viability increased 
essentially linearly with adjuvant concentration (Figure 
6B).  
Figure 7A demonstrates that PEG 4000 at 0.02% w/v 
produced a modestly significant increase in transfection 
rate, but that further augmentation of the polymer 
concentration had no effect.  Fluorescence anisotropy 
was not affected; on the other hand, as for Pluronic® 
F127, and no plateau was observed for cell viability at 
high amounts of PEG 4000. In contrast to PF 127, cell 
viability progressively increased with PEG 4000 
concentration (Figure 7B).  
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Figure 6: Effect of Pluronic® F127 (PF 127) on membrane 
fluidity, expressed as 1/anisotropy (- -□- -) and (A) cell 
transfection (- -▲- -) or (B) cell viability (- -♦- -). MAT B III cells 
were sonoporated at 2.25 MHz, P- = 570 KPa in the presence 
of 30 capsules BG1766/cell.  
 
4 Discussion 
Positive effect of adjuvants, such as PEG 4000 and 
Pluronics® F68 and F127, on transfection efficiency was 
demonstrated, particularly when the polymers were 
added “free” to a cell suspension (Figure 1); no 
improvement in transfection was observed when PF 127 
was grafted onto the UCA microcapsule shell. This 
initial result suggested that the adjuvants acted at either 
the cell membrane or at the level of DNA; the polymers’ 
impact on transfection appeared to be independent of 
contrast agent formulation.  
PEGs and Pluronics® may affect gene transfection at 
different levels. For example, they may interact with 
plasmid to form a complex which facilitates gene 
transfer by stabilizing DNA and reducing its 
degradation by cytosolic DNases. Alternatively, the 
polymers may fluidize cell membranes thereby 
enhancing the extent and duration of ultrasound-induced 
poration and DNA permeation into the cytoplasm; in the 
same way, membrane re-sealing may be improved 
resulting in higher cell viability. The exact mechanism 
of action almost certainly depends upon many different 
parameters, such as the polymer hydrophilic-lipophilic 
balance (HLB) and concentration. For the three 
Pluronics®, for example, their HLB values are quite 
different: L61, HLB = 3; F127, HLB = 22; F68, HLB = 
29. Likewise, it is known that high PEG concentrations 
(>20% w/v) are necessary to induce membrane fusion, 
whereas much lower levels (0.1-1% w/v) are sufficient 
to change membrane fluidity [7].  
The transfection of NIH/3T3 cells using PEI-DNA 
complexes was improved by addition of Pluronic® [8]. 
Six different Pluronics® were tested and compared (F68, 
F127, P105, P94, L122 and L61). Those with higher 
HLB, at higher concentration (1 or 3% versus 0.1% 
w/v), were more effective. It was postulated that the 
polymers protected the DNA complex by sterically 
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Figure 7: Effect of PEG 4000 on membrane fluidity, expressed 
as 1/anisotropy (- -□- -) and (A) cell transfection (- -▲- -) or (B) 
cell viability (- -♦- -). MAT B III cells were sonoporated at 2.25 
MHz, P- = 570 KPa in the presence of 30 capsules 
BG1766/cell.  
 
hindering the access of serum components. Similarly, 
Pluronics® L61 and F127 significantly increased (by an 
order of magnitude) transfection relative to the naked 
plasmid in skeletal muscle [6]. However, this polymer 
mixture had no effect on the efficiency of in vitro 
sonoporation in the work presented here (data not 
shown). The mechanism of gene transfer in skeletal 
muscle remains unclear, although both polymer-DNA 
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complexation and increased cell membrane fluidity have 
been suggested.  
The latter mechanism has been demonstrated for 
Pluronics® L61 and P85; the degree of effect depended 
upon cell type (normal versus tumor) [5,1]. Normal cells 
appeared to predominantly adsorb Pluronic® polymers 
on their surface, for example. Moreover, Pluronic® L61 
increased the microviscosity of normal cell (splenocyte) 
membranes but decreased that of myeloma cells. The 
binding efficiency of the Pluronic® polymers also 
depended upon their HLB values; for example, binding 
of the hydrophobic L61 (HLB = 3) was 1.5-3 times 
higher than that of more hydrophilic P85 (HLB = 16). 
The results in Figure 2B suggest that the relatively 
hydrophilic Pluronics, F68 and F127, may improve cell 
membrane re-sealing (unlike L61). Cell viability with 
L61 was the lowest among all the adjuvants tested: at 
concentrations of 0.05% and 0.01% w/v, only about 
63% and 52%, respectively of cells were viable. This 
apparently high toxicity of hydrophobic Pluronics® has 
been reported in vivo. Morphological and biochemical 
assays following injection into muscle tissue indicated 
that the more hydrophobic the polymer, the more severe 
the lesions induced [9].  
At lower concentrations (0.0002-0.002% w/v), PL 61 
again resulted in cell viabilities of ~50-60% (Figure 
3B), but eventually improved transfection rate to more 
than 25% (Figure 3A).  However, the amount of DNA 
internalized was not affected in the same way (Figure 
3C), which makes it difficult to draw mechanistic 
conclusions.  Also intriguing is the observation that 
fluorescence intensities in 293-H cells were 3-fold 
higher than in MAT B III cells; this would imply easier 
transfection and nuclear uptake in the former despite 
their longer population doubling time (>20 hours 
compared to 12 hours for MAT B III).  
Pluronics® enhanced gene transfer and cell viability 
even when added shortly before sonoporation (Figures 2 
and 4). Adsorption of the polymers at the plasma 
membrane may be very rapid, therefore, or the polymers 
might simply be effective at very low surface 
concentrations. A 20-minute incubation of Pluronic® 
F127 with cells, in the absence of DNA, seemed to 
further improve transfection (Figure 4). This implies 
that the adjuvant is not acting directly on DNA itself, 
but that there is a polymer effect on the cell membranes. 
Pre-incubation of the adjuvant with the cells before 
sonoporation would allow more surfactant molecules to 
adsorb onto and/or integrate into the cell membrane. 
Figure 5 supports this contention in that transfection 
was enhanced when the Pluronic® was present during 
sonoporation, and was even more successful with pre-
incubation.  
The increased in cell viability with increasing PF 127 
concentration (Figure 6) suggests that this adjuvant 
improves cell repair post-sonoporation. This is 
consistent with the observation that Poloxamer 188 
(which is similar to Pluronic® F68: HLB = 29) 
improved tissue (and cell membrane) recovery in a 
dose-dependent way following electroporation [10]. 
Facilitate re-sealing of membranes porated by electrical, 
thermal, or other forces, has been deduced as the 
mechanism of action of this (and other) non-ionic, 
polymer surfactant [11].  It was noted, however, that 
transfection rate reached a plateau at 0.05% w/v PF 127. 
This may be due to the polymer reaching its critical 
micelle concentration [12,13], at which no further “free” 
surfactant molecules are available for interaction with 
the cell membrane [12]. Alternatively, DNA might form 
a complex with the Pluronic® micelles [14,15], and 
decrease its availability for transfection. 
The mechanism of action of PEG 4000 in sonoporation 
is more difficult to understand. PEG can fuse lipid 
bilayers, enhance drug permeation into cells, and to 
repair membranes which have been perturbed [16]. PEG 
has also been used to improve gene delivery by 
lipofection [17]. The polymer may promote membrane 
fusion by dehydrating lipid headgroups [18]. PEGs can 
also alter membrane fluidity at concentrations ranging 
from 0.1-1% to 10% w/v [7,19]. When gene delivery 
with lipofection (Lipofectamine 2000, Invitrogen, 
Carlsbag, CA, USA), in the presence of 0.05% w/v of 
PEG 4000, was tested in the present work, no 
enhancement in transfection rate was observed (data not 
shown). Yet low concentrations of PEG 8000 have 
induced liposome aggregation, and increased the 
association between cell membranes and lipid/DNA 
complexes [20], leading to better plasmid uptake. Other 
studies have reported similar results [17,21]; for 
example, PEG 8000 at concentrations between 1 and 
8% (v/v) increased (by up to 10-fold) the transfection of 
9L cells by cationic liposomes complexed with plasmid 
pUT650 [21].  
PEG and Pluronic® polymers are quite different; the 
former is hydrophilic, the latter amphiphilic.  The 
mechanisms of action as adjuvants in DNA delivery 
may be quite distinct, therefore. The fluorescence 
anisotropy data indicate that Pluronic® PF 127 increases 
membrane fluidity while PEG 4000 does not (Figures 6 
and 7). It may be that the concentration of PEG used 
was simply insufficient to provoke any effect; after all, 
much higher levels are needed to induce membrane 
fusion.  Alternatively, the fact that the hydrophobic 
anisotropy probe used (DPH) tends to be embedded 
within the lipid bilayer means that it may not be 
sensitive to an action of PEG at the membrane surface.  
Further speculation on a putative mechanism of action 
for PEG 4000 in sonoporation is inappropriate in the 
absence of further experimentation designed to test 
specific hypotheses.  Given the quite modest effects 
observed to-date, the value of a detailed and systematic 
investigation must be weighed against the pursuit of 
alternative strategies that provide much greater 
enhancement of gene delivery. 
 
5 Conclusions  
Polymeric adjuvants present in UCA can improve in 
vitro transfection and cell viability even at moderate 
concentrations (0.05-0.1% w/v). PEG 4000, and 
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Pluronics® F68, F127, enhanced GFP-expression more 
than 1.5-fold compared to the contrast agent alone. The 
adjuvant effect was indifferent to the UCA and cell type 
used, but strongly depended upon the nature of the 
polymer, the manner in which it was presented to the 
cells, and its concentration. The adjuvants were not 
effective when grafted to the UCA, suggesting that their 
adsorption onto, or integration into, the cell membrane 
was necessary for efficacy. Pluronic® F127 appears to 
fluidize the cell membrane, facilitating transient pore 
formation and re-sealing. The mechanism of action of 
PEG, on the other hand, remains unclear. 
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Abstract 
MAT B III cells were insonified at ultrasound frequencies of 1.15 and 2.25 MHz in the presence of different 
ultrasound contrast agents and a plasmid encoding for the green fluorescent protein (GFP). The transfection 
efficiency was assessed by flow cytometry and contrast agent destruction by ultrasound was evaluated using optical 
and scanning electronic microscopies. It was found that the gas and shell properties of the contrast agents have an 
important influence on cell transfection. A good correlation was observed between bubble destruction and 
transfection rate, and it has been demonstrated, for the first time, that hard-shelled contrast agents are promising 
candidates for ultrasound-mediated gene delivery.  
 
Keywords: sonoporation, ultrasound, gene delivery, cavitation, ultrasound contrast agent, microbubbles, 
microcapsules. 
 
1 Introduction 
Ultrasound contrast agents (UCA) have been widely 
used in diagnostic applications in medical research and 
clinical practice. Recently, they have been exploited in 
ultrasound-mediated gene delivery. This novel approach 
uses acoustic cavitation effects of gas microbubbles to 
induce transient membrane permeabilization 
(sonoporation) at the cellular level, thereby facilitating 
the transfer of genetic materials. Compared to other 
transfection techniques (viral or non-viral), 
sonoporation may allow in vivo gene transfer with high 
spatial and temporal control, since the site and the 
transfection can be precisely localized and controlled by 
the ultrasound technology [1,2]. This approach has been 
applied in vitro [3,4,5] as well as in vivo [6,7,8,9]. It is 
thought that sonoporation is induced by acoustic 
cavitation [10] which generates microstreaming or 
microjets in the surrounding medium [11,12,13] to 
permeabilize the cell membrane.  
Most commercial UCA are made of gas microbubbles, 
and are called “soft-shelled” agents e.g., Albunex®, 
Optison® (Mallinckrodt Medical, St. Louis, MO) and 
Definity® (Bristol-Myers Squibb Canada, Inc., Saint-
Laurent, Quebec) [14]. These agents have been used in 
sonoporation as cavitation nuclei [15,16,17,18]. Agents 
specially designed for gene delivery have been also 
reported [2,19]. The latter are generally soft-shelled, 
made of phospholipids or proteins with a plasmid-
bearing surface and a perfluorocarbon gas core.  
Hard-shelled UCA (i.e., containing a rigid lipid or 
polymeric shell) may also be used for ultrasound-
mediated gene delivery. These agents, although not yet 
commercially available, have been extensively studied 
for diagnostic imaging [20,21,22,23,24], drug delivery 
[25], acoustic properties [26,27], and other biophysical 
applications [28].  
While it is generally believed that UCA destruction at 
high acoustic pressure is probably the main cause of 
cavitation, there have been few studies in which cell 
transfection and UCA destruction have been assessed at 
the same time, and related to the formulation properties 
of the contrast agent. 
In the present work, it was hypothesized that the 
physicochemical parameters of UCA, including bubble 
size, shell properties, and the encapsulated gas, could be 
manipulated to improve the efficiency of gene 
transfection in sonoporation. Two types of experimental 
ultrasound contrast agents were investigated in vitro: 
gas microbubbles, stabilized with phospholipids, and 
gas filled microcapsules with a rigid shell made of 
either triglyceride or polystyrene. Contrast agent 
destruction was also evaluated and correlated with 
transfection results. 
 
2 Materials and Methods 
2.1 Cell culture 
Rat mammary carcinoma cells (MAT B III) were 
incubated at 37°C under 5% CO2 atmosphere, in 225 
cm2 tissue culture flasks, in a MacCoy’s 5A medium 
containing Glutamax-I (Life Technologie, Basel, 
Switzerland), supplemented with 10% v/v heat-
inactivated foetal calf serum (FCS) and 1% v/v 
antibiotics (initial concentration: 10,000 IU/ml 
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Penicillin, 10,000 µg/ml Streptomycine, 25 µg/ml 
Fungizone).  
2.2 Ultrasound contrast agents  
Ultrasound contrast agents were formulated with 
various shell materials and gases (Table 1). The particle 
concentration and average diameter of each agent was 
determined using a Coulter Multisizer II (Coulter 
Electronics Limited, Luton, UK). Table 1 also includes 
the resistance of UCA to pressure, Pc50 (expressed in 
mmHg), a critical value at which 50% of UCA are 
destroyed/. This value was determined using a published 
method [29].  
The thickness of the soft-shelled microbubbles 
(formulation BR14, batch 1A009) was estimated to be 
about 2-3 nm, corresponding to a monolayer of 
phospholipid molecules when spread at a gas-liquid 
interface (Figure 1A). For hard-shell agents, either 
formulated with triglyceride or polystyrene, the 
estimated shell thickness is 50-100nm (Figure 1B). The 
soft-shelled UCA (1A009) is hereafter referred to as a 
microbubble, whereas the rigid-shelled UCA are called 
microcapsules.  
2.3 Ultrasound exposure 
A 3 ml polystyrene round-bottom tube was used as 
exposure chamber. 500 µl of cell suspension, at a final 
concentration of 106 cells/ml, was suspended in a 
culture medium containing the plasmid gWiz®-GFP 
(5757 base pairs; Aldevron, Fargo, USA), encoding for 
the green fluorescent protein (GFP). Sonoporation was 
performed with a final plasmid concentration of 10 
µg/ml and a typical microbubble, or microcapsule, -to-
cell ratio of 30. The tube was mounted in a rotating 
exposure system and immersed in a water bath at 37°C. 
The distance between the transducer and the tube was 
7.6 cm. MAT B III cells were insonified for 10 seconds, 
using either an unfocused or a focused transducer 
(Figure 2). A duty cycle of 20% and a pulse repetition 
frequency of 100 Hz were applied for all experiments.  
After insonification, the mixture was placed in 12-well 
plates and supplemented with 2 ml of medium 
containing 10% FCS. Finally, the cells were incubated 
at 37°C in a 5% CO2 atmosphere for 24 hours. 
 
 
Shell type 
(thickness) Formulation shell composition gas
mean diameter 
(µm)
concentration 
(particles/ml)
Pc50          
(mmHg)
microbubbles: BR14 (1A009) phospholipid monolayer C4F10 2,0 3.0x10
8 630
soft shell BR14-like phospholipid monolayer air 2,0 2.0x10
8 40-50 
(2-3 nm) BR14-like phospholipid monolayer C3F8 2,0 3.0x10
8 580
microcapsules: BG1382;  BG1766 triacylglyceride air 1,6 2.1-2.6x10
9 >1200
hard shell BG1431 triacylglyceride C4F10 1,6 1.2x10
9 >1200
(~100 nm)
BG1767; BG1768; 
BG1769
polystyrene (30; 100; 300 
KDa)
air 1,7 1.3-2.6x109 >1200 
Table 1: Physicochemical characteristics of UCA studied. 
 
 
 
   
Figure 1: (A) FF-EM picture of the soft-shelled microbubbles  (1A009) coated with a  thin phospholipid film; (B) SEM 
picture of the hard-shelled agent BG1768 (microcapsules) – the shell is made of polystyrene (100 KDa) and has a 
thickness of about 100nm.  
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Figure 2: Ultrasound beam simulation (Field-II) for 
single-element transducers. Upper panel: 1.15 MHz 
unfocused transducer (Valpey Fisher; Hopkinton, MA, 
USA); aperture = 0.75 inch, narrow band excitation. 
Lower panel: 2.25 MHz focused transducer 
(Panametrics, Waltham, MA, USA) (3 inch); aperture = 1 
inch, narrow band excitation. 
 
2.4 Assay of reporter gene 
GFP-positive cells were analyzed 24 hours after 
ultrasound exposure by flow cytometry (FACS Calibur, 
Becton Dickinson AG, Allschwill, Switzerland). The 
cell suspension was placed in 5 ml polystyrene round-
bottom tubes and washed twice with phosphate buffered 
saline (PBS). The pellet was resuspended with 250-300 
µl of PBS and 20 µl of a propidium iodide (PI) solution 
(40 µg/ml, Sigma-Aldrich Chemie GmbH, Schnelldorf, 
Germany) was added to assess cell viability. Results 
were expressed in percentage of GFP-positive cells and 
relative fluorescence intensity (arbitrary units, AU), 
using the software CellQuest Pro (Becton Dickinson 
Biosciences, Allschwill, Switzerland). The percentage 
of positive cells was calculated based on whole cell 
population, including dead cells.  
2.5 Microbubble destruction 
Microbubble destruction was evaluated in conditions 
similar to those used for sonoporation experiments. 
12.5x106 1A009 bubbles (corresponding to a bubble-to-
cell ratio of 25) were suspended in 500 µl of MAT B III 
cell suspension (final concentration 106 cells/ml in 
medium without FCS) in the sample tube. The bubble 
suspensions were exposed to ultrasound using the same 
parameters for transfection experiments. Microbubbles 
were counted before and after insonation using 
computer-assisted microscopic analysis (Leica 
Microsystem AG − Program Routine BR20.Q5R, 
Glattbrugg, Switzerland). The percentage of destroyed 
bubbles and the bubble size distribution were 
determined.  
2.6 Scanning Electron Microscopy (SEM) 
Microcapsule destruction was assessed using scanning 
electron microscopy (Leo S470 microscope, performed 
at Surcotec SA, Plan les Ouates, Switzerland). 15x106 
particles were suspended in 500 µl of PBS in a sample 
tube and exposed to ultrasound using the same 
parameters as used for transfection experiments. After 
insonification, the suspensions from ten tubes were 
pooled freeze-dried. Microcapsules were then mounted 
on metal grids and placed under vacuum at room 
temperature overnight. After gold sputtering, the 
samples were analyzed at an acceleration voltage of 20 
KV. Microcapsules not exposed to ultrasound were used 
as control. 
2.7 Statistical analysis 
All the results are reported and displayed as mean ± 
standard deviation (n≥6). Tests of significance were 
performed using a one-way analysis of variance 
(Minitab software version 13.20, MINITAB Inc., Paris, 
France), with p<0.05 considered to be statistically 
significant.  
 
3 Results 
3.1 Transfection efficiency and cell viability 
Transfection efficiency was assessed with 3 parameters: 
(i) percentage of transfected cells calculated from the 
ratio of GFP-positive cells to total cells (including dead 
cells); (ii) fluorescence intensity of the cells determined 
by flow cytometry, relative to the average amount of 
GFP produced per transfected cell; and (iii) cell 
viability, expressed as viable cells/total cells, as 
determined by propidium iodide exclusion. 
3.1.1 Effect of UCA shell properties 
(1) Microbubbles vs. microcapsules 
The effect of UCA shell properties on MAT B III 
transfection was studied using the 2.25 MHz transducer, 
and an ultrasound exposure of 10 seconds, with an 
applied acoustic pressure varying from 0 to 800 KPa. 
Mat B III cells were sonoporated in the presence of 
plasmid and, either soft-shelled microbubbles (1A009) 
or hard-shelled microcapsules (BG1382). Air was the 
encapsulated gas for both agents.  
As shown in Figure 3A, the percentage of GFP-positive 
cells increased with acoustic pressure for the two agents 
and reached a plateau of 16% at about 570 KPa. 
However a significant difference in cell transfection 
rates was observed below 570 KPa between the soft-
shelled and the hard-shelled agents (p = 0.000). For 
instance, at a pressure of 360 KPa, 11% of GFP-positive 
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cells were obtained for the former versus only 2% for 
the latter. These results suggest that soft-shelled 
microbubbles made with phospholipids needed less 
pressure to induce acoustic cavitation than 
microcapsules to facilitate the delivery of plasmid into 
cells. The microcapsules were more pressure resistant 
and appeared to have a higher cavitation threshold (400-
600 KPa for 2.25 MHz), below which only a few cells 
were sonoporated. 
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Figure 3: Effect of shell composition/thickness of air-filled 
UCA on transfection efficiency. MAT B III cells were 
sonoporated in the presence of soft-shelled (1A009 air; 
25 bubbles/cell) (crosses) and hard-shelled (BG1382; 30 
capsules/cell) (open circles) UCA. Cells were insonified 
at 2.25 MHz, over the range from 0 to 809 KPa (0 to 11 
W/cm2), with a duty cycle of 20%, for 10 seconds. (A) 
Percentage of GFP-positive cells; (B) fluorescence 
intensity expressed in arbitrary units (AU), as a function 
of ultrasound pressure. 
 
The fluorescence intensity of GFP measured in 
transfected cells is plotted in Figure 3B as a function of 
ultrasound pressure. Interestingly, the microcapsules, 
although showing a lower transfection rate over the 
entire range of acoustic pressures, gave a significantly 
higher value at the higher acoustic pressure (by about 
1.5-fold). This suggests that more plasmid copies were 
delivered into the cells in the presence of the hard-
shelled agent.  
Cell viability generally decreased with increasing 
ultrasound pressure (data not shown). Overall, though, 
reasonably good cell viability was maintained at all 
applied pressures (72% to 93%). Perhaps 
unsurprisingly, the highest GFP fluorescence intensity 
was correlated with the lowest cell viability post-
sonoporation. 
Similar experiments were performed using an air-
backed transducer with a center frequency of 1.15 MHz 
and acoustic pressures varying from 0 to 480 KPa. The 
same UCA were used except that the encapsulated gas, 
in this case, was a perfluorocarbon (C4F10) rather than 
air. The results are presented in Figure 4. 
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Figure 4: Effect of shell composition/thickness of C4F10-
filled UCA on transfection efficiency. MAT B III cells were 
sonoporated in the presence of soft-shelled (1A009; 25 
bubbles/cell) (full triangles) and hard-shelled (BG1431; 
30 capsules/cell) (open circles) UCA. Cells were 
insonified at 1.15 MHz, over the range from 0 to 480 
KPa (0 to 4 W/cm2), with a duty cycle of 20%, for 10 
seconds. (A) Percentage of GFP-positive cells; (B) 
fluorescence intensity expressed in arbitrary units (AU), 
as a function of ultrasound pressure. 
 
Transfection rates increased with ultrasound pressure 
for the two agents. The ultrasound pressure necessary 
for maximum transfection was much lower with the 
1.15 MHz unfocused transducer (~half of that required 
for 2.25 MHz). This difference in pressure threshold 
could be due to the beam profile of the two transducers: 
the 1.15 MHz transducer was unfocused providing a 
more homogeneous, and a larger, insonification field at 
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the focal distance compared to the focused 2.25 MHz 
device (Figure 2).  
Similar to the results obtained at 2.25 MHz, much 
higher levels of fluorescence intensity were obtained 
with the microcapsules than with the microbubbles 
(Figure 4B). By contrast, cell viability in this 
experiment was about 15-25% lower for capsules (60-
89%) compared to bubbles (85-94%) for the same 
applied pressure (data not shown).  
 
(2) Microcapsules made from different molecular 
weight polystyrenes 
The shell properties of microcapsules are generally 
determined by the nature and the amount of the 
materials employed. Three formulations of hard-shelled 
microcapsules, made with polystyrene of different 
molecular weights (30, 100 and 300 KDa) were 
compared. A constant amount of polymer was used in 
the three preparations, and air was always the 
encapsulated gas. A polymer, such as polystyrene, was 
expected to form a much more rigid shell than that made 
from triacylglycerides (BG1382, 1766, 1431), 
particularly when using high polymeric molecular 
weight (e.g. 300 KDa). 
MAT B III cells were sonoporated in the presence of 
polystyrene microcapsules using the focused 2.25 MHz 
transducer with ultrasound pressure varying from 0 to 
809 KPa. The results are in Figure 5.  
As shown in Figure 5A, transfection efficiency 
increased between 360 and 570 KPa for all three 
formulations, and reached a plateau of 14-18% GFP-
positive cells. Interestingly, at pressure of 360 KPa, the 
transfection rate obtained was significantly higher with 
the polystyrene of lowest MW (30 KDa): 8% of GFP-
positive cells versus only 2% for the higher MW 
polymers (p = 0.016 with 100 KDa and p = 0.005 with 
300 KDa). The low MW microcapsules also showed a 
lower acoustic cavitation threshold (similar to that of 
microbubbles, see Figure 3A) compared to their higher 
MW analogues. The fluorescence intensity results 
showed that the 100 and 300 KDa polystyrene 
microcapsules gave significantly higher fluorescence 
intensities. At 364 KPa, these higher MW 
microcapsules produced 1.6-fold more GFP per 
transfected cell than the 30 KDa analogue despite a 
level of transfection that was 4 times smaller (p = 0.028 
and 0.018 for respectively 100 and 300 KDa 
polystyrene capsules).  
3.1.2 UCA-entrapped gas 
To examine the effect of encapsulated gas on 
transfection, MAT B III cells were insonified using the 
focused 2.25 MHz transducer . Microbubbles used in 
this experiment were either filled with air, 
perfluoropropane (C3F8) or perfluorobutane (C4F10). As 
shown in Figure 6A, similar transfection rates were 
obtained for UCA filled with C3F8 and C4F10, and were 
significantly higher than those obtained with air-filled 
microbubbles for all applied pressures (p = 0.001). A 
light increase in fluorescence intensity was observed for 
the perfluorocarbon gases (Figure 6B).  
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Figure 5: Effect of polymer molecular weight on 
transfection efficiency. MAT B III cells were sonoporated 
in the presence of hard-shelled UCA, prepared with 30 
KDa (BG1767; filled diamonds), 100 KDa (BG1768; 
open squares) and 300 KDa (BG1769; open circles) 
polystyrene. Cells were insonified at 2.25 MHz, over the 
range from 0 to 809 KPa (0 to 11 W/cm2), with a duty 
cycle of 20%, for 10 seconds. (A ) Percentage of GFP-
positive cells; (B) fluorescence intensity expressed in 
arbitrary units (AU). 
 
The study was then repeated with hard-shelled agents 
(BG1382, 1431) using the 1.15 MHz transducer, and the 
results are in Figure 7. In this case, the encapsulated gas 
had no impact on transfection (Figure 7A) but 
significantly affected the fluorescence intensity (Figure 
7B), which was twice as high when the microcapsules 
were filled with C4F10 than with air.  
3.2 Contrast agent destruction 
It is generally believed that acoustic cavitation and 
subsequent sonoporation can be enhanced by UCA 
destruction. It is still unclear, however, whether 
microbubble or microcapsule destruction is a 
prerequisite for successful sonoporation, nor whether a 
relationship exists between bubble collapse and 
transfection efficiency. 
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Figure 6: Effect of the gas entrapped in soft-shelled UCA 
on transfection efficiency. MAT B III cells were 
sonoporated in the presence of air (cross), C3F8 (open 
squares) and C4F10-filled (full triangles) microbubbles. 
Cells were insonified at 2.25 MHz, over the range from 0 
to 809 KPa (0 to 11 W/cm2), with a duty cycle of 20%, for 
10 seconds. (A) Percentage of GFP-positive cells; (B) 
fluorescence intensity expressed in arbitrary units (AU). 
 
To address these points, microbubbles and 
microcapsules were insonified using the same 
ultrasound exposure conditions as described above with 
1.15 MHz and 2.25 MHz transducers. Bubble size 
distribution was analyzed using optical microscopy 
(Leica Microsystem AG, Glattbrugg, Switzerland) 
before and after ultrasound exposure. As microcapsule 
destruction could not be assessed by Coulter analysis 
post-insonification [30], scanning electron microscopy 
(SEM) was used to evaluate these agents.  
3.2.1 Microbubbles 
After a 10-second ultrasound exposure at 1.15 MHz and 
402 KPa, more than 90% of microbubbles were 
destroyed (data not shown). Figure 8 shows that the 
bubble size distribution was significantly modified by 
ultrasound exposure. The bubbles of 4-7 µm seemed to 
be most sensitive. An increase in the large bubble 
fraction was noticed, going from 12 to 38% upon 
ultrasound exposure. This might be explained by small 
bubbles coalescing into larger ones as has been 
observed before [31]. The 6 µm bubbles showed lowest 
count after insonification; interestingly, this diameter 
roughly corresponds to the resonance diameter of 
microbubbles calculated for 1.15 MHz. 
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Figure 7: Effect of the gas entrapped in hard-shelled 
UCA on transfection efficiency. MAT B III cells were 
sonoporated in the presence of air (BG1382; open 
circles) and C4F10-filled (full circles) microcapsules. Cells 
were insonified at 1.15 MHz, over the range from 0 to 
480 KPa (0 to 4 W/cm2), with a duty cycle of 20%, for 10 
seconds. (A) Percentage of GFP-positive cells; (B) 
fluorescence intensity expressed in arbitrary units (AU).  
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Figure 8: Bubble collapse at 1.15 MHz. Size distribution 
of microbubbles before (solid line) and after (dashed 
line) ultrasound exposure, expressed as the percentage 
of intact bubbles. MAT B III cells were insonified at 402 
KPa (Isppa = 2.7 W/cm2) in the presence of soft-shelled 
UCA (1A009), with the air-backed transducer of 1.15 
MHz, for 10 seconds. Microbubbles were counted using 
a computer-assisted microscopic analysis. 
 
Bubble destruction and transfection experiments were 
also performed in parallel using the 1A009 
microbubbles and the focused 2.25 MHz transducer. 
Acoustic pressure was varied from 0 to 809 KPa. In this 
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case (Figure 9A), the 3 µm bubbles appeared most 
sensitive, and this again correlates well with the 
resonance diameter calculated for this frequency. Size 
distribution analysis indicated that 63 to 74% of the 
bubbles were destroyed during exposure, the level 
depending on the applied pressure (Figure 9B). There 
was a good correlation between transfection rate and 
bubble destruction as function of ultrasound pressure. 
The higher the pressure, the greater the bubble 
destruction, and the better the transfection.  
Taken together, these results indicate that: (i) the 1.15 
MHz air-backed transducer was more efficient than the 
2.25 MHz focused transducer for both bubble 
destruction and cell transfection; (ii) maximum 
destruction occurred at the bubble resonance diameter; 
(iii) ultrasound exposure could induce bubble 
coalescence at low acoustic frequency; and (iv) 
transfection efficiency may be improved by optimizing 
bubble destruction. 
3.2.2 Microcapsules 
Microcapsules of polystyrene 100 KDa were exposed to 
570 KPa ultrasound at 2.25 MHz. Scanning electron 
microscopy (SEM) revealed the morphology of the 
microcapsules before (Figure 10A) and after (Figure 
10B) ultrasound exposure. 
Although preparation of hollow microcapsules for SEM 
seemed to flatten somewhat their normally spherical 
appearance, significant differences were clear between 
insonified and control samples. Most of the ultrasound-
treated microcapsules showed open or deflated 
structures with a folded shell (Figure 10B). In contrast, 
the control microcapsules presented a regular shape, 
with smooth surfaces (Figure 10A). The open or 
deflated structures were observed for both small and 
large microcapsules, suggesting that shell properties, 
such as stiffness, thickness and homogeneity, play a
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Figure 9: Bubble collapse at 2.25 MHz. (A) Size distribution of microbubbles before (solid line) and after (dashed line) 
ultrasound exposure, expressed as the percentage of intact bubbles. MAT B III cells were insonified at a peak 
negative pressure of 570 KPa (Isppa = 5.5 W/cm2) in the presence of soft-shelled UCA (1A009) with the focused 
transducer of 2.25 MHz, for 10 seconds. Microbubbles were counted using a computer-assisted microscopic 
analysis. (B) Correlation between transfection efficiency (GFP-positive cells; solid line) and bubble collapse (dashed 
line) over a range of acoustic pressures form 0 to 809 KPa (Isppa from 1.0 to 11.1 W/cm2) (duty cycle of 20% and 
exposure duration of 10 seconds). 
 
 
  
Figure 10: Microcapsule destruction at 2.25 MHz. Scanning electron microscopy of polymeric UCA BG1768 (A) 
before and (B) after ultrasound exposure at 570 KPa (Isppa = 5.5 W/cm2) (duty cycle of 20%) for 10 seconds. 
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more important role in microcapsule destruction than 
the size. In an earlier study [30], with rigid polymer-
shelled agents similar to those used here, the response to 
ultrasound was less marked. Rather, it appeared that gas 
was extruded and ejected through a shell defect while 
the shell itself remained largely intact. The SEM 
pictures in Figure 10, however, show that, while some 
microcapsules remained essentially intact (a few of 
which presented with a small hole on shell surface), 
many were broken upon ultrasound exposure. 
Similar experiments were also carried out with the 
microcapsules of polystyrene 30 and 300 KDa under the 
same exposure conditions. Generally, these high 
molecular weight microcapsules were less altered, in 
terms of the number and shape, than those of low 
molecular weight (data not shown). It is possible that 
the shells made from polystyrene of higher MW were 
more stable and more resistant to insonification. But, 
once destroyed, these capsules may generate a more 
violent gas body ejection (so-called acoustic 
microstreaming) projecting DNA through the plasma 
membrane, and towards the cell nucleus. This may 
explain why fluorescence intensity (GFP production) 
was higher for these high MW agents (Figure 5B).  
 
4 Discussion 
In vitro sonoporation has been widely investigated. It 
has been shown that ultrasound exposure parameters, 
such as acoustic pressure or energy [18,32], frequency 
[15,33], duration of exposure, pulse-repetition 
frequency and duty cycle [34,32], and temperature 
[35,36] are important for transfection and delivery of 
small molecules into cells. In vitro gene transfection has 
equally been demonstrated with various cell types, such 
as rat fibroblasts and chondrocytes [4], cultured Chinese 
hamster ovary cells [18], human cancer cells Hela [33], 
NIH/3T3 and C127I [37] and prostate cancer cells 
DU145 [36]. Other aspects involved in sonoporation 
have also been evaluated, such as bubble-to-cell ratio 
[16], cell-to-cell heterogeneity of molecular uptake [38], 
ultrasound modalities [39], DNA integrity [36], and 
plasmid-attaching microbubbles [40,41].  
In contrast, UCA destruction has been particularly 
examined with respect to diagnostic imaging 
applications [42,43,44] and for ultrasound-mediated 
drug delivery [45,25]. Ultrasound contrast agents were 
originally developed for diagnostic imaging. There have 
been very few studies in which the influence of UCA 
properties on gene delivery has been systematically 
assessed. To improve ultrasound-mediated gene or drug 
delivery, however, it is essential that the UCA 
formulations be optimized, and this is a long-term 
objective of the present study; in particular, the effects 
of UCA shell and gas composition on transfection 
efficiency were determined. These parameters have 
been shown to be important both in contrast agent 
destruction and in enhanced acoustic cavitation. 
 
Shell properties 
The effects of UCA shell properties on transfection are 
particularly interesting. Both microbubbles and 
microcapsules efficiently and similarly transfected 
MAT B III cells. However, the acoustic pressure 
threshold for transfection was significantly different for 
these two UCAs. Higher pressures were required for 
hard-shelled agents: for example, at 2.25 MHz, an 
acoustic pressure of 300 KPa was sufficient for 
microbubbles to transfect 5-10% of cells, whereas 400-
600 KPa was necessary for capsules. This suggests that 
the cavitation mechanisms may not be the same for the 
two types of UCA. Bloch et al. [30] showed that 1A009-
like microbubbles, insonified at 2.25 MHz, oscillated in 
response to an acoustic pressure of 180 KPa. In contrast, 
polymer-shelled capsules remained largely intact at 
pressures up to 1.5 MPa and there was no evidence of 
significant oscillation of the shell itself.  
In contrast, sonoporation with microcapsules resulted in 
much higher plasmid uptake than that with 
microbubbles. Microcapsule destruction and subsequent 
gas/shell fragmentation may result in more violent 
microjets and effective microstreaming propelling DNA 
to the nucleus, and reducing its cytosolic degradation 
[46]. Higher GFP production obtained with hard-shelled 
agents may be the result of more intact plasmid being 
transferred. It appeared that, while the two UCAs gave 
similar transfection rates, the microcapsules were 
destroyed to a lesser extent than the microbubbles. This 
would mean that, in vivo, where the bubble-to-cell ratio 
is generally very low, hard-shelled agents and high 
acoustic intensity would improve sonoporation. 
However, cell viability was generally 10% lower for 
rigid capsules than for bubbles; that is, high acoustic 
pressure with hard-shelled agents, while effective,  may 
induce undesirable side-effects.  
The mechanical properties of polymeric materials, such 
as stiffness and shear strength, are generally related to 
molecular weight. The data from this work suggest that 
sonoporation with polymer-shelled agents may be 
improved by the adjusting polymer’s molecular weight. 
Microcapsules of low MW polystyrene (30 KDa) 
transfected more efficiently, at low acoustic pressures 
similarly to microbubbles (Figure 5A), but resulted in a 
lower amount of GFP per cell (low fluorescence 
intensity). On the other hand, high MW capsules (100 
and 300 KDa) required a higher acoustic pressure for 
transfection, yet resulted in a higher level of GFP per 
cell. 
 
Nature of the encapsulated gas 
The most important difference between first and second 
generation UCA is the encapsulated gas. For example, 
while Albunex®, Optison® and PESDA, all have a 
denatured human serum albumin shell, the first, which 
is air-filled, performs less well (both in diagnostic 
imaging and sonoporation [47,48]) than the other two, 
which contain C3F8 (a gas of lower water solubility).  
The encapsulated gas plays an important role in 
sonoporation. For microbubbles, the use of C3F8 and 
C4F10 significantly improved transfection compared to 
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air (Figure 6); for rigid microcapsules, replacement of 
air by C4F10 increased the amount of GFP per cell but 
not the percentage of transfected cells. This suggests 
that the UCA-encapsulated gas does not always act in 
the same way during sonoporation. Microbubble 
destruction and collapse may occur via two distinct 
mechanisms: (i) acoustically-driven gas diffusion at low 
acoustic pressure, and (ii) bubble expansion and 
fragmentation at high pressure [49,30]. Dissolution of a 
free gas bubble of 2 µm diameter in gas-saturated water 
by passive diffusion required about 8 ms for air, 90 ms 
for C3F8 and 900 ms for C4F10; in contrast, with 
ultrasound, the dissolution of a stabilized gas bubble 
was very fast (on the order of a few milliseconds [43]). 
The similar transfection behaviour observed for C3F8 
and C4F10 microbubbles (Figure 6A) suggests that their 
destruction was essentially driven by acoustic diffusion 
or fragmentation. Lower transfection with air bubbles 
could be due to their instability. These microbubbles 
have a pressure resistance (Pc50) of only 40-50 mmHg 
as compared to about 600 mmHg for C3F8 and C4F10 
analogues (see Table 1).  
The effect of gas entrapped within microcapsules is 
rather complex: the pressure stability of microcapsules 
is primarily determined by the properties of their shell 
rather than the gas encapsulated therein (Table 1). Since 
hard-shelled agents did not significantly oscillate with 
ultrasound, effective microstreaming only occured when 
the shell was broken at high acoustic pressure resulting 
in gas release [30]. This means that the gas cannot have 
any effect before it is released and that the cavitation 
threshold of microcapsules is therefore determined by 
their shell properties. The effect of the microcapsule-
entrapped gas on fluorescence intensity was surprising: 
a 2-fold increase was observed with C4F10 compared to 
air (Figure 7B). After shell rupture, the gas released 
from hard-shelled microcapsules generates large, free 
gas bubbles, which persist for a few milliseconds before 
dissolving in the liquid [26,28]. It is possible that the 
dissolution rate of these free gas bubbles plays an 
important role in the uptake of plasmid by sonoporated 
cells. According to their persistence (or dissolution 
rate), cavitation and/or microstreaming effects generated 
from free gas bubbles could be much stronger for C4F10 
than for air. Fragmentation of microbubbles might 
generate both free and stabilized gas bubbles, whereas 
only free bubbles are produced from microcapsules. 
This difference results from the presence of 
phospholipids at the bubble surface; these amphiphilic 
molecules are capable of self-assembly and film 
repairing in water, much like that occurring at the cell 
membrane after sonoporation. As a consequence, 
microbubble dissolution rate after fragmentation is 
determined by the properties of both the shell and the 
entrapped gas.  
In summary, the effect of the encapsulated gas on 
transfection is apparently related to the UCA’s shell 
properties. For microbubbles, a poorly water-soluble gas 
improved bubble cavitation and microstreaming effects 
and subsequent transfection both before and after 
bubble fragmentation; for microcapsules, on the other 
hand, the gas only affected the persistence of the 
released bubbles after shell rupture. 
 
Correlation with UCA destruction  
The correlation between transfection and UCA 
destruction (Figure 9B) may be coincidental because 
transfection at 2.25 MHz cannot be uniquely attributed 
to the cavitation generated from destroyed 
microbubbles. However, recent studies [43,50,30] have 
shown that bubble destruction, involving initially fast 
bubble expansion followed by fragmentation and gas 
dissolution, can generate very high velocities of bubble 
fragments (about 30m/s). Even though stable bubble 
oscillation at low acoustic pressures (e.g., 200 KPa) 
could be sufficient to induce cell transfection, the high 
shear stress caused by violent microstreaming/microjets 
from bubble destruction/fragmentation may explain 
[10,11] the maximum transfection and lowest cell 
viability obtained at high ultrasound pressure (≥ 570 
KPa at 2.25 MHz). 
 
5 Conclusions 
The effects of UCA properties, and their sonoporation-
induced destruction, on plasmid transfection were 
investigated.  The UCA shell played a critical role. Gas 
bubbles stabilized by a soft, phospholipid monolayer 
shell (1A009), appear to oscillate steadily under low 
acoustic pressure and generate reparable cell 
sonoporation. At a pressure of 200 KPa, significant 
transfection was obtained (5-10% of total cells) with a 
cell viability of 80-90%. At higher pressures (>300 
KPa), bubble destruction became important, resulting in 
a maximum transfection rate (15-25%) but a lower cell 
viability (~70%). Microcapsules, on the other hand, 
showed negligible transfection at this pressure due to 
their shell stiffness. Hard-shelled UCAs did not 
significantly respond to ultrasound pressure waves until 
shell rupture. Consequently, microstreaming, if present, 
has no effect before capsule destruction. This is 
especially true for capsules made of high molecular 
weight polystyrene (100 and 300 KDa., for which 
destruction and transfection occurred only at pressures 
approaching 600 KPa. Transfection rates with 
microcapsules can be improved by using an unfocused 
air-backed transducer: about 8% of GFP-positive cells 
were achieved at a pressure of only 200 KPa. This 
suggests that transducer frequency and type are 
important parameters for capsule destruction. The 
requirement of UCA destruction for transfection to 
occur implies that only inertial (transient) cavitation was 
involved.  
The results indicate that rigid UCAs generally 
sonoporate more DNA molecules intracellularly and 
produce more GFP per cell than microbubbles (1.5 to 2-
fold better). The exact mechanism remains unknown; it 
is possible that microstreaming and subsequent shear 
stress, caused by destruction/fragmentation of 
microcapsules, are stronger than those achieved with 
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microbubbles.  Further, the level of GFP per cell was 
improved by combining a hard-shelled UCA with a 
poorly water-soluble gas such as perfluorobutane 
(C4F10). In contrast, for microbubbles, the entrapped gas 
nature had little effect.  The improved transfection with 
C3F8 and C4F10 may be attributed to the better stability of 
microbubbles under stable cavitation. 
In conclusion, while significant progress has been made 
in the mechanistic understanding and experimental 
optimization of sonoporation, improved efficacy is 
required for in vivo applications. Efficiency of gene or 
drug delivery will be limited in vivo by the unfavourable 
bubble-to-cell ratio (as well as other challenges such as 
the accessibility of the target cell population). For 
instance, at diagnostic imaging doses of UCA, the 
bubble-to-cell ratio is on the order of 10-6. Although 
different approaches have been proposed to tackle this 
problem (including optimization of ultrasound exposure 
parameters, new ultrasound technologies, novel 
transducers, targeted UCAs, combined lipofection and 
sonoporation, etc.), considerable work remains before a 
practical and efficacious solution will be found.    
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1 Introduction 
The introduction of therapeutic genes into tissues in vivo 
has enormous potential to correct inherited genetic 
disorders and to treat a wide variety of diseases, 
including cardiovascular diseases, neurodegenerative 
diseases and cancer. The first clinical trial of gene 
therapy for cancer was performed in 1991 in patients 
with melanoma and, since then, more than 5000 patients 
have been treated worldwide in more than 400 clinical 
protocols. However, proof of clinical efficacy in gene 
transfer protocols is still lacking, the principal reason 
being the very low in vivo transfection efficiency of 
available vectors. Vectors have been designed to 
transmit genetic material into both dividing and non-
dividing cells, but to-date no ideal system has been 
constructed. The ideal vector for in vivo applications has 
to present the following characteristics: specificity, 
efficiency (efficient transfection and long-term 
expression), and safety. The key to successful in vivo 
gene transfer is the development of systems that can 
deliver therapeutic genes efficiently and safely to the 
targeted tissues.  
To permit DNA molecules to cross the cellular 
membrane, and reach the nucleus of the cell, an energy 
source is required. An alternative to viral and synthetic 
vectors is the use of mechanical or physical energy, 
such as the gene gun, electroporation, and sonoporation. 
Sonoporation is especially attractive since it has been 
routinely used for diagnosis and treatment [1-5] in many 
diseases, including cardiac tissue [1], skeletal muscle 
[2,3] and tumors [4,5] and it is considered to be 
relatively safe. The relative merits of sonoporation for 
gene therapy are clear, therefore.  
This study was designed to investigate the potential of 
ultrasound-mediated gene delivery in vivo using a 
tumoral model, and to extend the previous in vitro 
investigations into the mechanisms of sonoporation and 
the formulation of ultrasound contrast agents.  
2 Materials and Methods 
2.1 Animal model 
All studies were performed in accordance with Swiss 
regulations with respect to animal experimentation. 
5x106 MAT B III (rat mammary carcinoma) cells were 
injected subcutaneously (100 µl) into the fat mammary 
pad of female Fischer 344 rats, six days before 
treatment. 
2.2 Ultrasound (US) exposure systems 
The 1 MHz focused transducer was mounted in a water-
filled plexiglas tube of 10 cm length, allowing 
sonoporation of tumors at the focal zone. Tumors were 
insonified at a peak negative pressure of 1 MPa, with a 
duty cycle (DC) of 3% and a pulse repetition frequency 
(PRF) of 100 Hz, for 60 seconds. These settings 
corresponded to an intensity of 0.507 W/cm2 (Intensity 
at spatial peak time average: Ispta) and a mechanical 
index (MI) of 0.77 (calculated with tissue attenuation). 
To be sure that the whole tumor, and only the tumor, 
was exposed to the US beam, a “mechanical guide” was 
constructed. It consisted of a perforated disk, with a 
hole of similar diameter to that of the tumor 
(approximately 5 mm). For sonication, the centre of the 
tumor was positioned in the guide. Thus, the central axis 
of the ultrasound propagation was focused on the tumor, 
and did not interfere with other parts of the rat. US 
settings used here did not alter tissue integrity (data not 
shown).  
A diagnostic US system (ATL, HDI-5000, version 10.5, 
Philips ultrasound, Bothell, WA, USA) was also used 
for some transfection experiments. Tissues were 
sonoporated with a linear probe operating at a 
transmitted frequency of 4 MHz, at a MI of 1.0 for 10 
seconds. US settings were different with the diagnostic 
machine, but the MI was close to that used with the 
customized probe, and these settings were described as 
sufficient to obtain bubble collapse (unpublished data)..  
In each experiment, this diagnostic system was used to 
image the tumor and to assess both intratumoral bubble 
distribution after injection and bubble destruction 
following insonification. All echographic data were 
recorded on video tape.  
2.3 In vivo DNA transfer by ultrasound 
exposure 
Rats were anaesthetized by injection of 
ketamine/xilazine (1 ml/kg). After depilation, a mixture 
containing ultrasound contrast agent (10 µl or 25 µl) and 
plasmid DNA (20 µl at a concentration of 1 mg/ml) was 
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intratumorally injected using a 27G needle. A gene 
encoding for the green fluorescent protein (GFP) 
(gWizTM-GFP, purchased from Aldevron Fargo, ND, 
USA), labelled or not with the YOYO-1 DNA 
intercalating agent (Molecular Probes, Eugene, OR, 
USA), was used in preliminary experiments. For 
quantitative analyses of transfection, a gene encoding 
for luciferase (pGL3 Luciferase Reporter vector, 
Promega - Catalys AG, Wallisellen, Switzerland) was 
used. Soft-shelled (1A009 microbubbles) and hard-
shelled (BG1778 microcapsules) contrast agents 
(Bracco Research SA, Geneva, Switzerland) were used 
as cavitation nuclei. To avoid the back-flush, the needle 
was left in place for 30 seconds and then withdrawn 
slowly. Immediately after injection, intratumoral bubble 
distribution was monitored using the diagnostic US 
system. Imaging was performed with a linear-array 
transducer (linear probe L7-4) interfaced with an 
ultrasound system (ATL, HDI-5000, version 10.5, 
Philips ultrasound, Bothell, WA, USA) at a MI of 0.05. 
B-mode pulse inversion imaging was used. Then, the 
tumor was insonified using the customized probe 
detailed above or using the diagnostic system (with the 
MI increased to 1.0 for 10 seconds). Insonification was 
conducted via an US-conducting gel to ensure good US 
transmission. Bubble destruction after insonification 
was assessed with the diagnostic US system.  
For each experiment, two sham exposure groups were 
included: (i) intratumoral injection of the DNA/bubbles 
mixture without US exposure, and (ii) intratumoral 
injection of DNA in phosphate-buffered saline (PBS) 
followed by insonification under similar conditions.  
2.4 Tumor analysis 
Sections from tumors either injected with the plasmid 
DNA/bubbles mixture and exposed to US, or from 
contralateral tumors injected with PBS, were stained 
with haematoxylin and eosin. Microscopic observations 
did not reveal inflammatory reactions or necrosis (data 
not shown).  
In preliminary experiments, 24 hours post-US exposure, 
tumors were excised, frozen at -20°C in isopentane for 
20-30 minutes, and then kept at –80°C until analysis. 10 
µm slices were cut with a cryo-microtome, in the same 
direction of the injection, and near to the injection site 
(generally in the centre of the tumor); slices were also 
cut at the edge of the tumor as controls (Figure 1). 
Sections were evaluated by fluorescence microscopy 
(Olympus IX50, Camera FView II, Soft Imaging 
System, Germany ).  
For quantitative analysis of transfection, tumors were 
excised 48 hours after sonoporation, and homogenized 
in 5 ml of Cell Culture Lysis Reagent (Promega - 
Catalys AG, Wallisellen, Switzerlan) at 18,000 rpm for 
20 seconds, using a Polytron. The homogenates were 
then centrifuged at 1000 g for 10 minutes and the 
supernatant was analyzed with a luminometer (Victor², 
Perkin Elmer, Courtaboeuf, France) using a luciferase 
Promega kit (Luciferase Assay Reagent, Promega - 
Catalys AG, Wallisellen, Switzerlan). Luciferase 
activity was calibrated to the light unit per pg of a 
standard solution. Total protein in each tumor tissue 
extract was determined and the final result was 
expressed as pg of luciferase per g of tumor.  
2.5 Statistical analysis 
All experiments were repeated at least four times. 
Results are reported and displayed as mean ± standard 
deviation. Tests of significance were performed using a 
one-way analysis of variance (Minitab version 13.20, 
MINITAB Inc., Paris, France), with p<0.05 considered 
to be statistically significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic representation of tumor slices for microscopic observations. 
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TRANSFERT DE GENES PAR SONOPORATION: ETUDES IN VIVO 71
3 Results 
3.1 Preliminary experiments 
Macroscopic observations of controls and sonoporated 
tissues were systematically performed and no necrosis 
or changes in tumor growth were observed.  An obstacle 
to efficient gene transfer in vivo is the intratumoral 
distribution of both plasmid and microbubbles. Tumors 
were sliced after intratumoral injection of the mixture 
containing fluorescent DNA and fluorescent 
microbubbles. Both plasmid and bubbles seemed to 
distribute adequately throughout the entire depth of the 
tumor (Figure 2). To examine independently the 
distribution of the plasmid and ultrasound contrast 
agent, DIO-microbubbles (red fluorescence) and 
YOYO-1 plasmid (green fluorescence) were used. 
Figures 2A and 2B indicate their co-localization, near 
the injection site, in that, “yellow” fluorescence 
represents the superposition of the green and red 
emissions. On the other hand, only green fluorescence - 
corresponding to YOYO-1 labelled plasmid - was 
observed in slices from the periphery of the tumor 
(Figure 2C).  
Then, intratumoral distribution of the reporter transgene, 
encoding for GFP, was studied. Fluorescence was not 
observed in the controls (i.e., (a) sonicated in absence of 
microbubbles, and (b) unsonicated shams). In contrast, 
tissues sonoporated in the presence of microbubbles 
were homogeneously fluorescent, indicating that 
transfection occurred. While GFP was observed only in 
areas containing microbubbles, the level of fluorescence 
was generally low (Figure 3A), except in some 
delimited areas of transfected tissue (Figure 3B).  
3.2 Formulation of US contrast agents 
As bubble concentration affects transfection efficiency 
in vitro [6], the impact of this variable in vivo was 
studied. Either 10 µl (corresponding to 2.6 million 
bubbles, or 8.6x107 bubbles/ml) or 25 µl (corresponding 
to 6.5 million bubbles, or 1.4x108 bubbles/ml) of US 
contrast agent was intratumorally injected with plasmid 
DNA (20 µl at a concentration of 1 mg/ml). Tumors not 
exposed to ultrasound or exposed to ultrasound but 
without contrast agent did not display significant 
transfection. On the other hand, in the presence of 
microbubbles, transfection was increased 20-fold
 
 
     
Figure 2: Fluorescent microscopic images of tissue after intratumoral injection of DNA labelled with YOYO-1 and DIO 
fluorescent microbubbles. (A) Assembly of successive images using the Analysis DOCU software; the skin is on the 
left of the picture, tumor is on the right; (B) centre of the tumor near injection site; (C) periphery of the tumor. Scale 
bars represents 100 µm.  
 
     
Figure 3: Fluorescent microscopic images of a tumor sonoporated in the presence of 10 µl of 1A009 microbubbles 
(corresponding to ~2.6 million bubbles), at P- = 1 MPa for 60 seconds. (A) Typical pattern of fluorescence; (B) sites of 
intense fluorescence.  
100 µm 100 µm 
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CHAPITRE 5 72
 (Figure 4). The level of transfection was similar for 
both bubble concentrations: respectively 19.1 ± 10.9 pg 
luc/g tumor and 21.5 ± 10.6 pg luc/g tumor (p = 0.778). 
The fact that smaller the bubble concentration allowed 
efficient gene transfer meant that smaller injection 
volumes could be subsequently used, reducing the 
problem of back-flush. Indeed, some difficulties were 
encountered when injecting 25 µl of microbubble 
solution.  
 
As the needle was removed, some of the DNA/bubble 
mixture came back out of the tumor, even if the needle 
was left in place for up to 30 seconds in an attempt to 
minimize this phenomenon.  
Both bubble injection and bubble destruction were 
monitored by imaging. Bubble distribution was 
relatively homogenous, although mainly located in the 
upper part of the tumor (Figure 5B). The US probe was 
moved laterally to assess bubble distribution over the 
entire tumor volume. After insonification, no bubbles 
remained in the tumor. In some experiments, where the 
tumors contained two lobes, imaging data showed that 
bubbles diffused only in that which received the 
injection (data not shown).  
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Figure 4: Transfection following intratumoral injection of 10 µg of reporter gene encoding for luciferase, in the 
presence of either 10 µl or 25 µl of 1A009 microbubbles. Samples were sonoporated at P- = 1 MPa with a 1 MHz 
focused transducer. Results are expressed in pg of luciferase per g of tumor. Mean ± SD; n = 5 
 
 
    
 
Figure 5: Echographic images of rat tumor (A) before intratumoral injection of a mixture containing 1A009 
microbubbles (10 µl) and plasmid encoding for luciferase (20 µg), (B) immediately after intratumoral injection of 
bubbles/DNA, and (C) following US exposure with the 1 MHz focused transducer at P- = 1 MPa, DC = 3%, PRF = 
100 Hz, for 60 seconds.  
tumor 
A B 
C 
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In vitro, contrast agent formulations influence the 
transfection efficiency: hard-shelled agents allowed a 
higher transfection rate than soft-shelled systems. It was 
appropriate, therefore, to see if this behaviour was 
similar in vivo. Microcapsules were injected numbering 
a number (2.6 million particles/tumor), or as a volume 
(10 µl of particle solution corresponding to 8.6 million 
capsules/tumor), similar to that of the microbubbles 
used in previous experiments. In neither case, however 
did the hard-shelled agents improve transfection (Figure 
6). With equivalent particle number, only 2.4 ± 1.3 pg 
luc/g tumor were detected compared to 19.1 ± 10.9 pg 
luc/g tumor for microbubbles. Increasing the capsule 
number (10 µl instead of 3 µl) slightly improved the 
mean transfection level (5.4 ± 4.5 pg luc/g tumor), but 
not significantly (p = 0.062). Imaging with hard-shelled 
agents was difficult to perform, because microcapsules 
are poorly echogenic in non-destructive imaging mode. 
In some experiments, destructive imaging mode was 
used in an attempt to assess capsule distribution and 
destruction. In this technique, very short, high-intensity 
pulses, disrupt the capsule shell, releasing free gas 
bubbles which are highly echogenic [7] and easily 
observed. These images indicated that the 
microcapsules were incompletely destroyed after US 
exposure (data not shown).  
3.3 US exposure system 
Both diagnostic probes [8,9] and customized 
transducers [5,10] have been used for sonoporation in 
vivo. The former are very easy to use, as both imaging 
and treatment can be performed in real time using a 
single piece of equipment. The development of such a 
system would be quite interesting. Thus, the diagnostic 
US system used for echographic visualization of bubble 
distribution and destruction was also used for 
sonoporation. US settings were adapted to bubble 
collapse; hence, the mechanical index employed for
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Figure 6: Sonoporation of tumors after intratumoral injection of 10 µg of reporter gene encoding for luciferase, in the 
presence of either 10 µl of 1A009 microbubbles (2.6 million bubbles), or 3 µl (2.6 million bubbles) or 10 µl (8.6 million 
bubbles) of BG1778 microcapsules. Tissues were insonified at P- = 1 MPa, using the 1 MHz focused transducer. 
Mean ± SD; n = 5. 
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Figure 7: Transfection with 10 µg of luciferase gene in the presence of either 10 µl of 1A009 microbubbles, or 10 µl of 
BG1778 microcapsules, at P- = 1 MPa with the 1 MHz focused transducer for 60 seconds (filled bars), or with the 
diagnostic US probe (open bars). Mean ± SD; n = 5 for experiments using 1 MHz focused transducer; n = 4 for 
experiments using the diagnostic probe 
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imaging (MI = 0.05) was increased to 1.0 for 10 seconds 
in the sonoporation experiments (these conditions are 
sufficient for 1A009 bubble destruction (unpublished 
data, Bracco Research, Geneva, Switzerland). Both 
microbubbles and microcapsules were studied and 
compared to the results obtained using the customized 
transducer.  
 
 
The US diagnostic system did not allow efficient 
transfection (Figure 7): for both formulations, the level 
was 3.5 times lower with the US diagnostic apparatus 
compared to the 1 MHz focused transducer. Even 
though the diagnostic system was able to destroy the 
bubbles correctly, their collapse was less effective (in 
terms of gene delivery) than induced by the 1 MHz 
focused transducer (Figure 8).  
4 Discussion 
Sonoporation appears to have good potential for the 
intratumoral delivery of therapeutic genes. Here, in the 
presence of microbubbles, a 10-fold increase in 
transfection efficiency was achieved with ~20 pg luc/g 
tumor. While this level is difficult to relate directly to 
results in the literature where other reporter genes 
and/or US settings have been used, some quantitative 
comparisons are possible.  For example, focused 
ultrasound increased, by up to an order of magnitude, 
the number of cells expressing β-galactosidase, and 
induced a 15-fold increase in the expression of this 
enzyme, following intratumoral injection of DNA [4]. 
In this case, however, efficient gene transfer was 
obtained when no ultrasound contrast agent was added. 
Sonoporation of renal carcinoma tumors after 
intratumoral injection of Optison® [5] allowed better 
transfection rates, and enhanced (25-fold) luciferase 
expression.  
Preliminary experiments showed that plasmid and 
bubbles diffused throughout the tumor, near the 
injection site, but that plasmid distributed further into 
the periphery of the tissue. This may reflect the size 
difference between DNA (on the order of nanometers) 
and microbubbles (mean diameter of 1A009 bubbles is 
~3 µm). Transfection did not occur in the whole tumor 
because the plasmid was not present at all cavitation 
sites. This illustrates the potential for better design of 
DNA-loaded microbubbles. Such a vehicle would 
locally release the genetic material to a specific tissue of 
interest via acoustic destruction of these microbubble 
carriers, and would have the following advantages. (i) 
Packaging may protect the therapeutic agent from 
inactivation or removal from the circulation. This is 
particularly important for gene delivery, where 
endogenous plasma endonucleases and charge-related 
hepatic clearance result in poor intravascular stability 
for naked DNA and other vectors. (ii) Focal destruction 
of microbubbles can provide a means to decrease 
systemic drug concentration, thereby improving the 
therapeutic index of cytotoxic agents or other drugs with 
hazardous side effects. (iii) Cavitation induced by the 
destruction of microbubbles could also be exploited to 
facilitate transvascular passage of macromolecules and 
intracellular deposition of therapeutic agents. (iv) The 
ability to target microbubbles and localize where they 
are destroyed means that site-specific delivery of DNA 
molecules to diseased tissue may be achieved.  
The literature already includes examples of attempts to 
exploit these opportunities in vivo.  For example, in the 
treatment of vascular disease [9], porcine coronary 
arteries have been perfused with DNA-loaded 
microbubbles ex vivo, prior to US exposure; significant 
protein expression and therapeutic effect (NO-mediated 
relaxation of bradykinin-stimulated porcine coronary 
arteries) were observed. Cationic microbubble-linked 
plasmid DNA for gene transfer in dogs has also been 
reported; US disruption of the gene carrier facilitated 
transfection [8].  
Relatively low GFP expression was observed, except at 
some sites that displayed intense fluorescence (Figure 
3). This may be due to high local bubble and/or DNA 
concentrations. Alternatively, these may be sites where 
the tumor has better vascularization and a higher rate of 
cell division, and hence enhanced transfection. It has 
been suggested that acoustic cavitation and, specifically, 
bubble destruction (acting as cavitation nuclei) are 
responsible for efficient gene transfer in sonoporation 
[11,12]. However, to-date, there has been no in vivo 
study relating transfection efficiency to echography-
 
     
Figure 8: Echographic images of rat tumor (A) immediately after intratumoral injection of a mixture containing 1A009 
microbubbles (10 µl) and plasmid encoding for luciferase (20 µg), and (B) following US exposure with the diagnostic 
US probe (MI = 1.0 for 10seconds). 
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assisted bubble destruction. The results presented here 
confirm that bubble destruction was synonymous with 
sonoporation efficacy (Figures 4 and 5). Moreover, 
events which reduce the efficiency of US transduction 
(e.g., the presence of small air bubbles in the 
echographic gel – data not shown; or the incomplete 
delivery of the DNA formulation by intratumoral 
injection – see above) correlated directly with decreased 
transfection rate. 
In vitro, hard-shelled US contrast agents appeared to be 
very interesting candidates for ultrasound-mediated 
gene delivery (see Chapter 4-2). In vivo, under the 
conditions described here, no significant transfection 
was achieved in the presence of such agents. The 
destruction threshold of microcapsules is higher than 
that of microbubbles [13]. Therefore, the US settings 
used in vivo might be not sufficient to fully destroy the 
capsule population. Furthermore, the destruction of 
microcapsules post-US treatment was difficult to assess, 
due to their poor echogenicity in non-destructive 
imaging mode. Further studies are required, therefore, to 
better understand the behaviour of hard-shelled agents 
in vivo, and higher acoustic pressures and/or longer US 
exposures for example, should be examined.  
Finally, it was demonstrated that US diagnostic system 
used here did not allow efficient transfection. It is 
possible that the populations of bubbles and capsules 
were incompletely destroyed using this approach, but 
the echographic data are unable to confirm the 
hypothesis. The US settings were different for the two 
sonoporation systems used, particularly with respect to 
the probe: one was focused, while the other was not, and 
the transmitted frequencies were different: 1 MHz for 
the focused transducer versus 4 MHz for the imaging 
probe. The transmitted frequency has been reported to 
affect sonoporation efficiency [14]. In particular, the 
apparent threshold for sonoporation (comparable to that 
required for bubble disruption) depends upon frequency, 
with lower frequencies giving better efficacy. The effect 
of frequency on cavitation, using diagnostic probes [15], 
has been examined. In the presence of Albunex 
(Mallinckrodt Medical, St. Louis, MO), a cavitation 
threshold was established for the 2.5 MHz frequency at 
1.1 MPa, whereas no cavitation was observed at 5 MHz. 
On the other hand, better transfection has been obtained 
in vivo using a diagnostic probe at 1.7 MHz as 
compared to a customized apparatus (a continuous wave 
system, operating at 1 MHz and intensities of 0.5 and 
0.75 W/cm2) [16]. The latter are quite similar to those 
used in the experiments reported here, while the former 
represents a frequency which is lower than that typically 
used diagnostically.  Taken together, the observations 
are encouraging in that they suggest that optimization of 
the US conditions may well allow a combined 
diagnostic/therapeutic system, with good safety and 
efficacy, to be developed.  
 
5 Conclusions 
Imaging-assisted sonoporation has been demonstrated in 
vivo, allowing the assessment of bubble distribution in a 
target tissue and bubble destruction following 
ultrasound exposure. In theory, therefore, as 
sonoporation is strongly related to bubble collapse, 
transfection efficiency may ultimately be predictable 
from imaging data, permitting rational optimization and 
development of this novel approach to gene/drug 
delivery.  
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Résumé et Conclusions générales 
 
 
 
CHAPITRE 1: 
Introduction 
 
Une étape limitante pour le succès de la thérapie 
génique est le développement de méthodes de transfert 
de gènes efficaces. Bien que des avances technologiques 
aient été réalisées dans ce domaine, comprenant les 
vecteurs viraux et synthétiques, le vecteur idéal n’existe 
pas encore. Dans ce but, des méthodes physiques, 
comme le «gene gun» ou l’électroporation, sont 
explorées depuis quelques années. La sonoporation est 
une méthode physique relativement récente permettant 
d’administrer de façon contrôlée des macromolécules, 
tels des gènes, dans les cellules cibles. Cette nouvelle 
approche exploite principalement les effets de la 
cavitation acoustique pour permettre la libération des 
gènes dans les cellules.  
Les agents de contraste ultrasonores (microbulles ou 
microcapsules contenant un gaz), sont largement utilisés 
pour le diagnostic médical depuis des décennies, et 
récemment employés dans la sonoporation. Il a été 
décrit que les agents de contraste ultrasonores jouaient 
un rôle primordial dans la sonoporation. Sous l’effet des 
ultrasons, dans des conditions bien définies, ces 
microbulles collapsent, produisant alors des microjets et 
des microcisaillements dans le fluide environnant, ce 
qui augmente la perméabilité membranaire des cellules 
voisines. La présence de ces microbulles et surtout leur 
destruction semblent nécessaires pour avoir une bonne 
transfection.  
 
 
CHAPITRE 2:  
Méthodes physiques pour le transfert de gènes 
 
Cette partie consiste en une revue de la littérature, 
portant sur les méthodes alternatives aux vecteurs 
viraux et synthétiques pour le transfert de gènes. Des 
méthode « mécaniques » comme la microinjection et le 
« gene gun », des méthodes physiques comme 
l’électroporation, la sonoporation et l’irradiation laser et 
finalement la magnétofection sont décrites. Les 
avantages de ces méthodes par rapport aux techniques 
conventionnelles et particulièrement la cinétique, 
l’efficacité de transfection, ainsi que la toxicité et la 
faisabilité, sont discutées et évaluées.  
 
 
CHAPITRE 3: 
Mécanismes in vitro de la sonoporation 
 
Des résultats prometteurs ont été obtenus in vitro et in 
vivo. Cependant, les mécanismes de la sonoporation ne 
sont pas encore établis. Dans cet ouvrage, nous nous 
proposons d’étudier dans un premier temps, les 
mécanismes de la sonoporation principalement au 
niveau cellulaire, c'est-à-dire, comment le plasmide est 
introduit dans la cellule. Pour cela, un modèle in vitro 
consistant en un système de tube rotatif a été mis au 
point. Des cellules de tumeur mammaire de rat (Mat B 
III) sont sonoporées en présence d’agents de contraste, à 
l’aide d’un transducteur focalisé, à deux pressions 
acoustiques différentes. Suite à des études préliminaires, 
les conditions optimales ont été trouvées afin d’avoir un 
bon compromis entre tolérance cellulaire et efficacité de 
transfection. Pour les études quantitatives, la cytométrie 
en flux a été utilisée.  
La sonoporation est une méthode «physique» permettant 
un transfert direct des macromolécules dans la cellule 
cible. Pour pleinement étudier l’internalisation du 
plasmide, une méthode de référence a été choisie: la 
lipofection. C’est une méthode «chimique» couramment 
employée pour le transfert de gènes, faisant appel à des 
liposomes comme vecteurs intracellulaires. Pour nos 
études, une préparation commerciale (Lipofectamine 
2000) a été utilisée, puisqu’elle nous a permis de 
transfecter avec succès les cellules et ce, avec une bonne 
reproductibilité.  
Utilisant un plasmide codant pour la green fluorescent 
protein (GFP), marqué ou non avec un intercalant 
d’ADN (le YOYO-1), il a été montré que la 
sonoporation permet un transfert rapide et direct du 
matériel génétique dans le cytoplasme de la cellule, 
contrairement à la lipofection qui fait appel à 
l’endocytose. De ce fait, la cinétique d’expression du 
transgène est plus rapide pour la sonoporation que pour 
la lipofection. De plus, le plasmide est distribué de 
façon homogène dans le cytoplasme de la cellule.  
D’autre part, le pourcentage de cellules transfectées par 
sonoporation est toujours inférieur à celui des cellules 
ayant internalisé le plasmide marqué au YOYO-1. De 
plus, le nombre de cellules contenant le plasmide 
marqué diminue au cours du temps, contrairement aux 
cellules ayant internalisées du FITC-Dextran (167 kDa). 
Ceci suggère une probable dégradation du plasmide par 
les DNases intracytoplasmiques, ainsi le passage des 
molécules d’ADN du cytoplasme vers le noyau est une 
étape limitante dans la sonoporation. Une protection du 
plasmide s’avère intéressante afin d’obtenir des taux de 
transfection in vitro proches de ceux obtenus avec la 
lipofection.  
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Il est communément admis que le transport 
intracellulaire par sonoporation se fait via des pores 
formés dans la membrane plasmique. Nous nous 
sommes proposés de vérifier cette hypothèse et plus 
particulièrement, d’évaluer de manière indirecte la taille 
limite de ces pores, en utilisant des particules 
fluorescentes de différentes tailles. Des analyses 
quantitatives ont été conduites par cytométrie en flux et 
des observations en microscopie confocale ont permis 
d’avoir un aspect plus qualitatif de la sonoporation. 
L’internalisation de molécules ayant un diamètre moyen 
de 37 nm est efficace (60% de cellules positives), et 
s’accompagne d’une bonne viabilité cellulaire (70% de 
cellules vivantes après insonification contre 80% pour 
les cellules non traitées). La microscopie confocale 
révèle que des particules de 75 nm de diamètre peuvent 
pénétrer dans le cytoplasme de quelques cellules 
seulement. En général, il a été démontré que plus le 
matériel à internaliser était gros, plus le nombre de 
cellules positives était faible. Ensuite, une observation 
directe des pores a été effectuée par microscopie 
électronique à balayage. Après insonification, la surface 
cellulaire semble altérée (rendue plus lisse) et la taille 
des cellules est légèrement diminuée. Les nombreuses 
microvillosités présentes sur les cellules étudiées ont 
rendu difficile l’observation de pores, même si quelques 
trous d’environ 200 nm de diamètre ont pu être observés 
sur quelques cellules. L’utilisation de globules rouges a 
permis de démontrer que le phénomène de poration était 
cohérent et reproductif (environ 1 érythrocyte sur 7 
présentent des pores dans la membrane cellulaire), mais 
aucun trou d’une taille inférieure à 100 nm n’a pu être 
distingué.  
La sonoporation est décrite comme un phénomène 
réversible et transitoire, assurant ainsi une bonne 
viabilité cellulaire. Utilisant le FITC-Dextran 77 kDa 
comme marqueur fluorescent, il a été démontré que 
ajouté 5 secondes après exposition aux ultrasons, 
seulement 4.3% des cellules étaient perméables, contre 
60% lorsque le dextran était présent avant la 
sonoporation. Le nombre de cellules fluorescentes 
décroît rapidement et atteint 1% quand le FITC-Dextran 
est ajouté 50 secondes après exposition aux ultrasons. 
Ce caractère transitoire assure une bonne viabilité, mais 
limite l’efficacité et la quantité de matériel pouvant être 
introduit dans la cellule.  
Ainsi, la sonoporation est un outil permettant une 
libération homogène de macromolécules dans le 
cytoplasme des cellules, sans toxicité significative, 
probablement par l’intermédiaire de pores formés 
temporairement dans la membrane plasmique.  
 
 
CHAPITRE 4: 
Formulation d’agents de contraste 
ultrasonores pour promouvoir la transfection 
 
Comme on vient de le voir, la sonoporation augmente la 
perméabilité membranaire des cellules. Dans ce but, est-
il possible d’avoir une action à ce niveau afin 
d’améliorer le passage intracellulaire de 
macromolécules par sonoporation. Particulièrement, est-
ce que l’utilisation de produits adjuvants pourrait avoir 
une influence sur l’efficacité de transfection ou sur la 
tolérance cellulaire? Ou encore, quel rôle jouent les 
agents de contraste et surtout, est-il possible de formuler 
des agents spécifiques pour augmenter l’effet de 
cavitation et donc promouvoir la transfection? Ce 
chapitre est une partie de nos travaux sur l’étude des 
mécanismes in vitro de la sonoporation, focalisée sur la 
formulation d’agents de contraste. Dans un premier 
temps, l’effet de différents adjuvants sur le transfert de 
gènes a été évalué et particulièrement le rôle de telles 
molécules sur la membrane plasmique a été exploré. 
Ensuite, différents paramètres de formulation des agents 
de contraste utilisés comme noyau ce cavitation ont été 
étudiés.  
Le PEG 4000 et le Pluronic® F127, fréquemment 
utilisés dans la formulation de médicaments et d’agents 
de contraste échographiques, sont des polymères 
biocompatibles et injectables, d’où l’intérêt que nous 
leur avons porté. Les résultats démontrent que leur 
présence pendant la sonoporation augmente le taux de 
transfection de 1.5 fois. L’effet de l’adjuvant semble 
indépendant du type d’agent de contraste utilisé, ainsi 
que de la lignée cellulaire transfectée. Par contre, la 
nature de l’adjuvant (HLB, poids moléculaire), la 
concentration et l’ordre d’introduction dans le mélange 
à sonoporer semble avoir une influence significative sur 
l’efficacité de transfection et la viabilité cellulaire. Les 
molécules de PEG ou Pluronic® n’ont pas d’effet 
lorsqu’elles sont liées à la surface des microbulles, 
suggérant qu’elles doivent être adsorbées ou intégrées 
dans la paroi cellulaire pour être effectives. Nos 
résultats montrent que le Pluronic® F127 améliore la 
sonoporation (aussi bien le taux de transfection que la 
viabilité cellulaire) par fluidisation des membranes 
plasmiques, ce qui permettrait de faciliter l’ouverture 
puis la re-fermeture des pores formés par cavitation 
acoustique. Le mécanisme d’action du PEG dans la 
sonoporation demeure inexpliqué et nécessite des études 
plus approfondies. Une action au niveau cellulaire ou 
portant sur l’ADN (protection du plasmide contre les 
DNases cytoplasmiques par exemple) n’est cependant 
pas exclue.  
Il a été décrit que la sonoporation était principalement 
due à la cavitation acoustique et que la présence des 
agents de contraste échographiques améliorait la 
transfection en diminuant le seuil de cavitation 
acoustique et en augmentant le nombre de noyaux de 
cavitation. Nous avons donc entrepris d’étudier le 
collapse de ces agents de contraste, ainsi que l’influence 
de leur destruction sur l’efficacité de transfection. A une 
fréquence de 1.15 MHz et une pression acoustique de 
402 kPa, plus de 90% des microbulles sont détruites. 
Les bulles ayant un diamètre inférieur à 6 µm sont plus 
sensibles que les particules de taille plus grande et 
paraissent donc jouer un rôle plus important dans la 
sonoporation. A une fréquence de 2.25 MHz, cette 
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population de bulles sensibles aux ultrasons se déplace 
puisque les bulles inférieures à 3.5 µm sont cette fois 
plus largement détruites. Enfin, une relation étroite entre 
collapse des bulles et efficacité de transfection a été 
démontré: plus les bulles sont détruites, plus le taux de 
transfection est élevé.  
Différents types d’agents de contraste sont disponibles, 
selon le gaz qu’ils contiennent ou encore la nature de 
leur enveloppe. Tout d’abord, l’effet du gaz (air, C3F8 
ou C4F10) sur la sonoporation a été évalué. Nous avons 
trouvé que plus le gaz était insoluble, plus le taux de 
transfection était élevé. Ensuite, l’effet de la rigidité de 
la paroi des agents de contraste a été étudié. Le 
pourcentage de cellules transfectées reste inchangé et ce 
quel que soit la nature de l’enveloppe. Par contre, plus 
la paroi est rigide, plus l’intensité de fluorescence est 
élevée, correspondant à une quantité de protéines 
produites plus importante. Ceci peut s’expliquer par le 
fait que les microcapsules (paroi rigide) génèrent un 
collapse plus violent que les microbulles (paroi souple). 
Ainsi, nous avons démontré que les agents de contraste 
échographiques à paroi rigide étaient de bons candidats 
pour la sonoporation.  
Ces études démontrent que le comportement et la 
formulation des agents de contraste dans la 
sonoporation a une grande influence sur l’efficacité de 
cette méthode. Ainsi, il serait intéressant de concevoir 
un vecteur acoustiquement actif, permettant la libération 
contrôlée du gène thérapeutique dans des conditions 
expérimentales bien précises, différentes de celles 
utilisées pour le diagnostic, tout en assurant sa 
protection suivant une administration systémique.  
 
 
CHAPITRE 5: 
Transfert de gènes par sonoporation: études in 
vivo 
 
La sonoporation semble une méthode de transfert de 
gènes très intéressante et des résultats prometteurs in 
vitro et in vivo ont été décrits dans la littérature. Mais 
qu’en est-il des applications in vivo? Les résultats in 
vitro sont-ils transposables à un contexte in vivo? Dans 
ce but, nous avons développé un modèle de 
sonoporation in vivo. Des cellules MAT B III sont 
implantées dans des rats Fischer 344. Après 7 jours, les 
tumeurs étaient exposées pendant 1 minute aux 
ultrasons, à l’aide d’un transducteur focalisé de 1 MHz, 
après injection intratumorale d’un gène codant pour la 
GFP (pour les observations microscopiques) ou la 
luciferase (pour les analyses quantitatives), en présence 
ou non d’agent de contraste. Deux jours plus tard, les 
tumeurs étaient prélevées et traitées. Pour les études 
quantitatives, elles étaient broyées et l’homogénat 
obtenu était analysé avec un luminomètre. Pendant la 
sonoporation, la distribution intratumorale et la 
destruction des microbulles était examinée sous 
monitoring échographique.  
Des expériences préliminaires ont permis de démonter 
que les conditions utilisées n’étaient pas toxiques pour 
les tissus tumoraux sonoporés. En utilisant un plasmide 
marqué et des bulles fluorescentes, nous avons trouvé 
que le mélange plasmide/bulles diffusait relativement 
bien dans la tumeur après l’injection. La transfection 
GFP est également observée dans toute la coupe de la 
tumeur mais se concentre essentiellement dans la zone 
ayant reçu les bulles, avec des niveaux de fluorescence 
très faibles. Par contre, quelques spots fluorescents très 
intenses sont présents à certains endroits, toutefois, ce 
phénomène reste inexpliqué. Dans nos conditions, les 
échantillons sonoporés en présence d’agent de contraste 
ont permis une transfection, contrairement à ceux 
exposés aux ultrasons sans microbulles. Ceci confirme 
l’intérêt de tels agents dans la sonoporation, aussi bien 
in vitro qu’in vivo.  
In vitro, la nature de l’enveloppe des agents de contraste 
influence l’efficacité de transfection. Ainsi, nous avons 
également étudié ce paramètre in vivo, en utilisant les 
mêmes types de microbulles et microcapsules. Les 
résultats in vivo se sont montrés très différents de ceux 
obtenus in vitro. En effet, chez l’animal, les 
microcapsules ne permettent pas d’atteindre les mêmes 
valeurs de transfection que les microbulles, alors 
qu’elles avaient montré un potentiel intéressant in vitro. 
En fait, les microcapsules présentent un seuil de 
destruction plus élevé que les microbulles et il est 
possible que les paramètres d’exposition ultrasonore 
utilisés in vivo ne permettent pas une destruction 
efficace de ces particules. De plus, une visualisation en 
imagerie, afin de s’assurer de leur destruction, est 
rendue très difficile du fait de leur faible échogénicité 
dans des conditions d’imagerie non destructive.  
En terme d’application in vivo, la sonoporation pourrait 
avoir un intérêt particulier dans le traitement de cancers. 
En effet, elle semble être une méthode efficace pour 
délivrer des gènes «tueurs» dans les cellules cibles, et 
dans ce cas, les puissances ultrasonores utilisées 
peuvent être plus élevées, puisqu’une action destructrice 
supplémentaire due aux ultrasons peut être souhaitée.  
 
 
CONCLUSIONS GENERALES: 
 
Les méthodes physiques, et particulièrement la 
sonoporation, sont porteuses d’espoir dans le domaine 
de la thérapie génique. Bien que la sonoporation soit 
maintenant étudiée depuis une décennie, les 
mécanismes ne sont toujours pas élucidés. C’est une 
technique complexe, impliquant de nombreux aspects 
de la physique des ultrasons au génie génétique, en 
passant par la biologie cellulaire et la biochimie. Afin de 
concevoir un système de transfert de gènes efficace, il 
est impératif de mieux comprendre cette technique.  
Nous avons démontré que la sonoporation est une 
méthode de transfert de gènes efficace. Elle permet de 
délivrer de façon rapide et homogène des 
macromolécules dans le cytoplasme des cellules. Ainsi, 
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elle paraît être une méthode attractive pour le «drug 
delivery» en général.  
Il apparaît cependant que pour une application en 
thérapie génique, l’obstacle majeur de la sonoporation 
soit le passage des molécules d’ADN du cytoplasme 
dans le noyau de la cellule. Ceci pourrait être amélioré 
en protégeant l’ADN contre les attaques par les DNases 
cytoplasmiques ou en concevant des agents de contraste 
ou des paramètres ultrasonores permettant la libération 
du plasmide directement dans le noyau. Nous avons 
observé que l’expression du gène commençait très peu 
de temps après la sonoporation (3 heures), suggérant 
qu’une partie des molécules d’ADN était libérée dans la 
zone périnucléaire ou peut-être dans le noyau, mais 
cette hypothèse n’a pas été directement observée.  
Utilisant une force physique pour permettre le passage 
des gènes dans la cellule, la sonoporation a un caractère 
«universel» et est faiblement dépendante du type 
cellulaire à transfecter, contrairement aux méthodes 
biologiques (vecteurs viraux) et chimiques, favorisant 
ainsi son application à un contexte in vivo. Un atout 
supplémentaire de la sonoporation par rapport aux 
autres techniques physiques est la facilité de combiner 
la thérapie avec le diagnostic, permettant ainsi 
d’apprécier l’efficacité du traitement en temps réel.  
Enfin, améliorer le taux de transfection par sonoporation 
demande inévitablement un compromis: la formation 
d’une plus grande quantité de pores et/ou de diamètre 
plus important dans la membrane plasmique 
permettraient le passage de plus de molécules, mais 
augmenterait aussi le risque d’endommager 
irréversiblement les cellules. Par conséquent, combiner 
les atouts des vecteurs (protection du plasmide par 
exemple) et de la sonoporation (efficacité in vivo et 
ciblage) permettrait de répondre aux caractéristiques du 
vecteur idéal.  
Ce travail a porté sur l’étude des mécanismes de la 
sonoporation in vitro et in vivo. Il serait intéressant de 
poursuivre ces études en utilisant un gène d’intérêt 
thérapeutique, particulièrement pour le traitement de 
cancers. En effet, c’est un domaine d’application 
présentant un réel intérêt pour la sonoporation et un 
modèle tumoral in vivo a été mis en place. La 
sonoporation présente des avantages par rapport aux 
autres méthodes physiques de transfert de gènes, 
notamment l’association de l’imagerie et de la thérapie 
en temps réel (« on soigne là où on voit ») et 
l’utilisation des microbulles comme vecteurs 
acoustiquement actifs. Dans ce but, la construction de 
tels vecteurs reste à développer afin de permettre une 
administration systémique, tout en assurant une 
libération contrôlée de l’agent thérapeutique dans les 
cellules cibles.  
 
